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ABSTRACT

Continuous Unbonded Post-Tensioned Members:
Quantifying Strand Stress Increase

by

Philip D. Six, Master of Science
Utah State University, 2015

Major Professor: Dr. Marc Maguire
Department: Civil and Environmental Engineering

Unbonded post-tensioning tendons are an efficient and cost effective method of
reinforcing concrete floor slabs, slabs-on-grade, parking garages, and bridge structures.
However, the behavior of these structures is not well understood. There is concern that
the commonly used design equations frequently under-predict the increase in strand stress
when the unbonded post-tensioned member is loaded to its flexural limit. This leads to an
overly conservative design due to under-predicting the flexural strength of the member.
The lack of reliable data from research specimens intended to predict this increase in
strand stress is a contributing factor to the inaccuracy of the design equations due to the
fact that misinterpreted data has been used to calibrate these design methods. In order to
contribute to the limited body of reliable research data, four large, scaled, floor slab
sections were constructed and destructively tested with the intent of quantifying the
increase in strand stress while loading to flexural failure. The strand force was measured
at the ends of the slab section as well as at various locations along the length of the
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strand. The strand stress was measured to be significantly higher than predicted by the
American Concrete Institute (ACI) and the American Association of State Highway and
Transportation Officials Load and Resistance Factor Design (AASHTO LRFD) Bridge
Design Specifications. The relationships between parameters used in these design codes
were compared to the increase in strand stress, and little correlation was observed. The
load-deformation and cracking behaviors were also analyzed. These four additional test
specimens were combined with the available body of research data to complete the
largest known database of the increase in strand stress in continuous span members with
unbonded tendons.
(147 pages)
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PUBLIC ABSTRACT

Continuous Unbonded Post-Tensioned Members:
Quantifying Strand Stress Increase

by

Philip D. Six, Master of Science
Utah State University, 2015

Unbonded post-tensioning tendons are an efficient and cost effective method of
reinforcing concrete floor slabs, slabs-on-grade, parking garages, and bridge structures.
However, the behavior of these structures is not well understood. There is concern that
due to the lack of a significant amount of reliable research data on specimens reinforced
in this manner, the commonly used design methods tend to significantly under-predict the
strength. Four large, scaled, floor slab sections were constructed and destructively tested
with the intent of more accurately understanding the strength of specimens reinforced
with this method. Four test specimens represent a significant percentage of the current
body of reliable research in this field. In order to accurately predict the design strength of
these members, it is necessary to predict the increase in the reinforcing strand stress when
the member is loaded to a flexural failure. This increase in strand stress was measured on
each of the four laboratory tests which were performed. This allowed the strength of
these concrete members to be more accurately predicted, and it was observed that the
current design methods are significantly under-predicting this increase in strand stress as
well as the flexural capacity of the members. The behavior of the deflection of the slabs
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in relation to the applied load was also analyzed, as well as the cracking behaviors. The
four test specimens were combined with the available body of research data to complete
the largest known database of members reinforced in this manner.
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CHAPTER 1
1

INTRODUCTION

1

Post-tensioning is an attractive method of reinforcing concrete slabs and beams
due to its versatility and economy. With post-tensioning, it is possible to construct
members lighter and stronger than similarly sized members with only bonded, nonprestressed steel reinforcing. Post-tensioning is also more versatile than pre-stressing due
the ability to cast members in place, including many situations where prestressing is not
feasible. However, the behavior of unbonded post-tensioned slabs is not well understood
due to the lack of strain compatibility between the concrete and steel. This increase in
strand stress during the loading of an unbonded post-tensioned member to flexural failure
(Δfps) is the most difficult design parameter to predict. This lack of strain compatibility is
depicted in Figure 1.

Figure 1 - Unbonded Strain Incompatibility
Past research on the behavior of continuous span members with unbonded posttensioning reinforcement is very limited in scope. At this time of writing, the largest
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database of continuous span members with unbonded tendons (Allouche et al. 1998) is
numbered at only 28 tests performed on 16 different specimens. Of this available body of
research, many tests experienced failure methods other than flexural, which is necessary
in order to determine Δfps accurately. Additionally, continuous span members, which are
more representative of real world post-tensioning applications, act considerably
differently than simply supported members, which compose a portion of the already
limited body of research.
Furthermore, this same body of research has been used in order to develop the
current design equations. Due to the issues outlined, there is concern that these equations
are not accurately representative of the behavior of real-world post-tensioning
applications. Without an accurate prediction of Δfps, it is impossible to accurately predict
the ultimate flexural strength.
The primary objective of this research was to perform tests to failure on
continuous span-post tensioned members with unbonded tendons in order to more
accurately determine the increase in strand stress, Δfps, and to add to the limited body of
research in this field. The strand stress profile for each of these tests will also be
determined by applying foil strain gauges directly to the strand at various points along its
length.
A secondary objective is to compile the relevant body of research on continuous
span post-tensioned members with unbonded tendons, including the additional tests from
this research project, and to observe the relationships between the parameters in the
current design equations and the observed values of Δfps from the various tests in order to
demonstrate the importance in the consideration of each of these parameters in design.

3
Chapter 2 contains a literature review was performed in order to assess the
existing previous research in relation to continuous span members with unbonded
tendons. It was found that there is very little research on this subject. Additionally, of the
existing research, it was found that a significant number of the tests which were used to
calibrate the current ACI design method were misapplied when determining the increase
in strand stress (Δfps). It was shown to be necessary that additional research be performed
in order to more accurately predict the behavior of these specimens.
Chapter 3 contains the prototype design and scaling details. In order to fabricate
feasible and representative laboratory specimens, it was necessary to design and scale and
prototype structure. This prototype design accurately represents a real-word design case.
A section of this prototype two-way slab was then selected to be scaled and constructed
in the available laboratory space for destructive testing.
Chapter 4 contains the test setup was designed in order to comply with the
necessary data acquisition and loading requirements for the available laboratory space for
the selected prototype slab section. This test setup was designed to measure the force in
the reinforcing tendon, the strain in the rebar, and the load applied to the slab. The test
setup also utilized hydraulic jacks and spreader beams in order to apply force to each of
the three spans of the prototype structure. This same test setup was utilized for all four
slab sections which were constructed.
Chapter 5 contains the experimental results and discussion, including the material
testing, the jacking details, and the load tests. In order to interpret the results of the data,
it was necessary to determine the properties of the concrete and steel which was used.
Both materials were subjected to testing to determine their properties. The specific
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concrete mixes were varied between the four tests, so independent testing of the specific
properties of each concrete mix was performed. The amount of bonded steel
reinforcement was also varied, so the properties of the different rebar were determined
independently. The properties of the unbonded tendons were also determined.
The seating behavior of the tendon from before and after releasing the jack was
observed. The design coefficients of this specific behavior for each individual slab were
determined. The load-deformation behavior for each load test was observed and plotted
for each slab section. The relationship between the average applied force to the slab and
the increase in tendon stress was determined for each slab section. The cracking behavior
was observed and plotted as well. The results from these four tests were compared and
added to the existing body of research. The relationships between the code design
parameters and predictions were compared to the observed behavior.
Chapter 6 contains the summary and the conclusions. The measured strand stress
increases (Δfps) and the effects of varying the reinforcing ratio are discussed. The data is
compared to previous research, and conclusions are drawn.
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CHAPTER 2
2

LITERATURE REVIEW

2

The literature review is divided into two sections. The first includes a discussion
of two current design methods used to estimate the increase in strand stress (Δfps). The
two methods which will be considered are from the American Concrete Institute (ACI)
and the American Association of State Highway and Transportation Officials Load and
Resistance Factor Design (AASHTO LRFD) Bridge Design Specifications. The second
section will include a study of previously completed research projects involving
continuous members with unbonded tendons.

2.1

Design Methods
The first design method used to estimate the increase in strand stress (Δfps) is ACI

318-08 Eq. 18-5/18-6 (ACI 2008). This design method will be referred to as the ACI
method. The two equations composing the ACI method are defined together as Equation
1.
𝑓′𝑐
100𝜌𝑝
𝑓′𝑐
𝑓𝑝𝑠 = 𝑓𝑠𝑒 + 10,000 +
300𝜌𝑝
𝑓𝑝𝑠 = 𝑓𝑠𝑒 + 10,000 +

𝐿

if 𝑑 < 35
𝐿

if 𝑑 > 35

ACI 318-08 Eq. 18-5
Equation 1
ACI 318-08 Eq. 18-6

In Equation 1, “fps” represents the final prestress, “fse” represents the prestress
prior to loading, “f’c” represents the concrete compressive strength, and “ρps” represents
the prestressing ratio. “L/dps” is the span length to depth to prestressing ratio. Thus, the
right side of each equation minus “fse ” is equivalent to the increase in strand stress (Δfps).
The ACI method is entirely empirical and was calibrated based on a limited amount of
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test data. Additionally, some of the data used to calibrate the ACI method is based on
specimens which experienced non-flexural failure. Due to the definition of Δfps, any
experimental data based on other failure modes does not accurately determine Δfps.
The second considered design method for determining the increase in strand stress
(Δfps) is AASHTO 5.7.3.1.2-1 (AASHTO 2010). This equation will be referred to as the
AASHTO method. The AASHTO method is purely mechanical and is not based on test
data. The AASTHO method is detailed in Equation 2.
𝑑𝑝𝑠 − 𝑐
𝑓𝑝𝑠 = 𝑓𝑝𝑒 + 900 (
)
l𝑒
2𝐿
l𝑒 =
2+𝑁

AASHTO 5.7.3.1.2-1

Equation 2

AASHTO 5.7.3.1.2-2

Equation 3

In Equation 2, “fps” represents the final prestress, “fpe” represents the prestress
prior to loading, “dps” represents the maximum depth to the prestressing reinforcement,
and “c” represents the depth of the compression block. In Equation 3, “l𝑒 ” is defined as
twice the span length (L) divided by two plus “N”, which is the number of support plastic
hinges crossed by the tendon. This method is purely mechanical and is not based on test
data.

2.2

Previous Research
Past research of continuous span members with unbonded tendons is very

limited in scope, which is a significant motivation for this particular project. Of this
already limited body of research, many of the tests have focused on design aspects other
than strand stress increase. Although many of these tests do report the increase in strand
stress (Δfps), the accuracy of these reported values are often in question for various
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reasons. Some tests are performed on simply supported unbonded specimens, which are
not representative of real-world applications and do not behave similarly to continuous
span specimens. Other research specimens experience shear failure, bond failure, or other
failure mechanisms than flexural failure. Flexural failure is necessary in order to
accurately determine the increase in strand stress (Δfps). A summary of the available body
of research is included here, and the issues outlined above are noted where present.

2.2.1

Behavior of Post-Tensioned Prestressed Concrete Slabs with Unbonded
Reinforcement (Hemakom 1970)
Three different two span continuous slabs with unbonded tendons were

constructed and tested under a variety of loading conditions, including loading performed
on both spans simultaneously and under single span loading. Six tests were performed in
total on these specimens. The unbonded tendon reinforcing and the mild steel reinforcing
were varied across the tests. Point loads were applied to the slab, but the load was
removed before total collapse occurred, and additional tests were performed. The strand
stress increase (Δfps) was reported for each test which was performed.
Following this research project, the two studies listed below represent the
remainder of a series of very similar test programs also performed at The University of
Texas, Austin, which were published between 1970 and 1971. These three projects
feature very similar test specimens and loading conditions, as well as similar results.

2.2.2

Behavior of Post-Tensioned Prestressed Concrete Slabs with Unbonded
Reinforcement (Gebre-Michael 1970)
Two different two-span continuous slabs with unbonded tendons were constructed

and tested. A variety of loading conditions were applied, including loading performed on
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both spans simultaneously and under single span loading. Four tests were performed in
total on these specimens. Point loads were applied to the slab, but loading was stopped
before total collapse occurred, and additional tests were performed. The strand stress
increase (Δfps) was reported for each test which was performed.

2.2.3

The Strength and Behavior of Post-Tensioned Flat Plate with Unbonded Tendon
(Chen 1971)
Two different two-span continuous slabs with unbonded tendons were constructed

and tested. Multiple tests were performed on each of the two specimens. Both double
span point loading and single span point loading were applied. The load tests were
stopped before total collapse occurred, and additional tests were performed. The strand
stress increase (Δfps) was reported for each test which was performed.

2.2.4

Comparative Study of Prestressed Concrete Beams, with and without Bond
(Mattock et al. 1971)
Seven simple span beams and three two-span continuous T-beams were tested.

Emphasis was made on the difference in behavior of identically sized beams with either
bonded or unbonded prestressing reinforcement. The amount of bonded steel
reinforcement was also varied. Four point loads were applied to the beams. Deflection,
cracking behavior, and strand tension were determined.

2.2.5

Tests of One-Way Post-Tensioned Slabs with Unbonded Tendons (Burns et al.
1978)
Two three-span continuous post tensioned members were constructed and tested.

The load-deflection behavior was determined under various loading patterns. The amount
of bonded steel reinforcement was varied in order to observe the differences in cracking
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pattern distributions. The effect of varying span-to-depth ratios was also a consideration.
The strand stress increase (Δfps) was also determined for each of the tests.
Multiple load tests were performed on each of the two slabs. Loading was ceased
prior to total collapse, and additional loading patterns were applied to the member. Thus,
multiple values of Δfps were reported for the same individual slab.
Reliability of the acquired strand stress increase data has been called into question
(Lim et al. 2003). The strand stress increase (Δfps) was indicated to have been measured
based on the slabs failing under flexural conditions. However, it was observed that
inadequacies in cutoff lengths led to premature failure. Later research (Lim et al. 2003)
reproduced the test specimens with proper cutoff lengths and observed the proper flexural
failure method and, as expected, significantly higher Δfps.

2.2.6

Effective Prestress Force in Continuous Post-Tensioned Beams with Unbonded
Tendons (Burns et al. 1991)
Two full scale two-span continuously post-tensioned slab sections with unbonded

tendons were tested. Emphasis was made on testing the slab sections under cyclic loading
conditions. Load was applied to a single point on one of the spans. The tendon force was
measured with load cells on each end of the slab sections. The measured force on each
end of the slab was averaged in order to determine the tendon force at ultimate load.

2.2.7

Tendon Stress in Continuous Unbonded Prestressed Concrete Members – Part 1:
Review of Literature (Allouche et al. 1998)
A database of 28 tests performed on 16 continuous span members with unbonded

tendons was compiled. The measured values of the increase in strand stress (Δfps) were
compared to two prediction methods. It was observed that the observed values of Δfps
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were consistently significantly higher than the predictions. Figure 2 presents this
database.

Figure 2 - Δfps in Continuous Span Members with Unbonded Tendons (Allouche et al.
1998)
All of the data sources included in this database will be considered as part of this
research project. However, the data from Trost, et al. and Ivanyi, et al. is not publicly
available and could not be evaluated outside of this database. The remaining research
projects are included in this literature review.

2.2.8

Ultimate Stress of Unbonded Tendon in Continuous Members (Lim et al. 2003)
The accuracy of test data from previous research (Burns et al. 1978) was called

into question based on premature failure as a result of insufficient cutoff lengths of
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bonded steel reinforcement. Test specimens were fabricated to the same specifications as
the research in question (Burns et al. 1978) with the exception of extending the steel
reinforcement continuously along the length of the specimen (in both positive and
negative moment regions) to ensure adequacy of cutoff lengths. The extended cutoff
lengths are illustrated in Figure 3.

Figure 3 - Lim et al. and Burns et al. Specimen Cutoff Lengths (Lim et al. 2003)
Similar to the previous research (Burns et al. 1978), multiple loading patterns
were applied to the same specimens. The load-deformation behavior, cracking patterns,
and strand stress increase (Δfps) were measured for each test that was performed. Failure
was observed to occur in the flexural mode, and as predicted, significantly higher (Δfps)
was recorded when compared to precious research (Burns et al. 1978).
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CHAPTER 3
3

PROTOTYPE DESIGN AND SCALING

3

Upon review of the literature, it was found several testing programs evaluating
unbonded tendon ultimate strength did not have span to depth ratios and dps/c ratios
representing typical design, furthermore there is a dearth of continuous posttensioned
member testing programs. Span-to-depth ratios common to two-way, flat plate
construction are around 45. Moreover, dps/c ratios will determine the resistance factor (φ,
ACI 318-08 9.3.2) required for the member design, where members with a dps/c ≥ 2.67
are considered tension controlled and earn φ = 0.90. Additionally, single span post
tensioned members in real structures, which are significantly more economical in a
research setting, are very rare and are phenomenologically different than multi-span
members (Roberts-Wollmann et al. 2005).

3.1

Prototype Structure
A prototype structure was designed to ensure the slab specimens in this project

were as close to the most typical design scenario as reasonably possible. Because of
limited laboratory space, a 39/60 scale three span structure was selected to be used for the
laboratory specimens. This odd scale factor was necessary to fit the planned three-span
structure on the existing SMASH Lab strong floor with 36 in (914 mm) tie downs on
center, while working around the strong wall and maximizing the scale factor. The layout
involved spanning the central reaction frame diagonally across the slab section in order to
utilize increments of 18 in (457 mm) for the scaled structure. The laboratory layout is
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shown in Figure 4. Typical flat slab designs are five to six spans, but with the limited
laboratory space a three span structure should be more realistic than a two span.
After discussing with industry professionals, (personal correspondence, Josh
Mouras of Magnussen and Klemencic Associates, April 21, 2014) 360 in. (9140 mm)
spans with a span-to-depth ratio of 45 were determined to be typical for flat plate
posttensioned systems. Based on this information, a nine bay, three span, prototype
structure with 360 in. (9140 mm) square bays and 8 in. (203 mm) thick slabs was selected
for the prototype structure. With the 39/60 scale factor applied to this prototype, a three
span slab with 234 in. (5940 mm) spans, or a total supported length of 702 in. (17,800
mm) was used. With an additional 6 in. (152 mm) on each end of the slab extending
beyond the rollers, the total length of the slab was 714 in. (18,100 mm).
An interior equivalent frame was modeled using the equivalent frame procedure
(ACI 318-08 13.7), similarly to previous research (Naaman, 2012). The model was
created in SAP2000 and is shown in Figure 5. The equivalent frame width was 360 in
(9140 mm) and slab depth set to 8 in. (203 mm) to maintain the typical span to depth
ratio of 45. Assumed columns were 24 in (610 mm), which is typically controlled by
punching shear requirements. Beam elements were used to represent the slabs and
columns using gross cross sectional properties. Rigid link elements, shown in Figure 5(b)
were used to connect the slab and column elements at their intersecting work point and to
model the very stiff slab to column connection. Torsional members of ACI 318 13.7.5
were not modeled as is typical and is assumed to be conservative.
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Figure 4 - SMASH Lab Layout with Slab
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All columns were modeled as pinned. Design loads applied to the prototype
structure were self-weight assuming 150 lb/ft3 (23.6 kN/m^3) gross reinforced concrete
density, 20 lb/ft^2 (0.958 kN/m^2) superimposed dead load (SIDL) and 40 lb/ft^2 (1.92
kN/m^2) live loading. Pattern loading was not considered per ACI 318 13.7.6.2 as the
live load does not exceed three quarters of the dead load (0.75*(150 lb/ft^3 × 8 in. slab +
20 lb/ft^2 SIDL) ≥ 40 lb.ft^2 live load) [0.75*(23.6 kN/m^3 × 203 mm slab + 0.958
kN/m^2 SIDL) ≥ 1.92 kN/m^2 live load]. Figure 5(c) presents the moment diagram for
service loading, which controlled the design, and the design locations for each span.
The final designed prototype required f’c = 5 ksi (34.5 MPa) and twenty-six
Grade 270 greased and sheathed monostrands distributed over the equivalent frame. A
single jacking pull was assumed to be initiated on the left side (Design Location 1). A
second pull from the right side was assumed unnecessary for a three span structure based
on past experience. The design was controlled at design location 7 by service top fiber
tension due to the reduced strand force on the right side of the frame from friction losses.
Losses were calculated based on (Kelley 2000). Minimum reinforcing of As = 5.76 in2
(3720 mm^2) was placed 108 in. (2740 mm) on either side of the interior supports in the
negative moment region, but was not necessary in the positive moment regions due to the
absence of tension under service loads.
The designed prototype slab reflects real life designs by conforming to typical
span-to-depth ratios and a dps/c corresponding to φ=0.90. Typically, moment
redistribution is not accounted for in design, therefore it was not accounted for in the
prototype slab design. However, because of the very ductile sections, moment
redistribution should occur near failure. ACI 318 8.4.2 states that moment redistribution
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is allowed only if the strain in tensile reinforcing is equal to or greater than 0.0075.
Assuming a maximum concrete strain of 0.003 and Δfps = (ACI 318 Equation 18-5), the
prototype strain in the tensile reinforcing is 0.0768 which allows for up to 76.8% moment
redistribution, but is capped at 20 for design (ACI 318-08 8.4.1 and 8.4.2).

y

Column bases
Fixed in x and y,
free to rotate
(Typ.)

Detail A (Typ.)
see Figure 5(b)

x

(a)
Tendon elements to
apply prestressing

Rigid links at column
connection

Beam elements for
column and slabs

(b)
1

2

3

4

5

6

7

8

9

(c)
Figure 5 – Prototype Equivalent Frame Model in SAP2000 (a) Model Elevation and
Boundary Conditions (b) Detail A (c) Moment Diagram Under Service Loading and
Design Locations
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3.2

Scaled Structure
The 39/60 scaled structure maintained the same prestressing and mild reinforcing

ratios of the prototype structure. Scaling was limited by several factors, mostly because
of space limitations as discussed in the previous section. Table 1 summarizes the
properties of the prototype and scaled members.
Usually, one difference between the scaled and prototype structures is the mild
reinforcing. Because mild reinforcing is provided in discrete sizes, the exact area of
reinforcing is not typically possible for the scaled slab. However, in this instance, the
scale factor worked out well and the mild reinforcing provided in the actual scaled
structure (0.235%) was nearly the same as in the prototype (0.237%). The width of the
representative slab was selected to match exactly the prestressing ratio to solve this same
issue with discrete prestressing strand sizes.
Table 1 – Summarized Properties of Prototype and Scaled Slabs
Name
Span Length
Units
in (mm)
Prototype Slab 360 (9,140)
Scaled Slab
234 (5,940)

Thickness
in (mm)
8.0 (203)
5.2 (132)

d
in (mm)
6.8 (171)
4.4 (111)

dps
in (mm)
6.8 (171)
4.4 (111)

ρs
0.16%
0.16%

ρps
0.24%
0.24%

Minimum mild reinforcing was provided in all pre-compressed tensile zones even
though ACI 318 18.9.3.1 states no mild steel is needed when tensile fiber stresses at final
do not exceed 2√𝑓𝑐 . This was done because these specimens are actually representative
slabs – which will act as one way slabs – rather than true flat plate, two-way slabs, which
do require minimum mild steel per ACI 318 18.9.2. In the experimental program,
reinforcing was varied from the original scaled structure down to the minimum
reinforcing specified in ACI 318 18.9.3.3 for negative moment regions in Slab 4.
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CHAPTER 4
4

TEST SETUP AND INSTRUMENTATION

4

Each of the four slab sections consisted of three 234 in (5,940 mm) spans
supported by rollers at the ends and pinned interior supports. In order simulate uniformly
distributed loading, spreader beams were used to place four point loads at the fifth points
of the length of each span. Three spreader beams were used on each slab. Each spreader
beam was supported with a pin at one end, and a roller at the other, and all spreader
beams were loaded at their midpoints. A hydraulic jack was used on each span to apply
load simultaneously. The jacks acted against reaction frames which were constructed and
set up at the midpoint of each span. These reaction frames consisted of two back to back
channels which spanned perpendicular to the slab. Threaded rods extended through the
gap in between the channels and down through the strong floor. The rods were secured
above the spreader beams and below the strong floor. A schematic of the overall test
setup is shown in Figure 6. A detailed view of the center span is shown in Figure 7. The
two exterior spans are symmetric, and both are represented with detail by Figure 8.
All four slabs sections were built according to this test setup specification. An
example of a completed test setup from one of the four slabs is shown in Figure 9. The
setup is shown just prior to testing with all equipment and instrumentation fully prepared.
This particular test setup is from Slab 3. The other three setups were nearly identical.

Figure 6 – Test Setup Schematic

Figure 8
Figure 7
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Figure 6 - Test Setup
Schematic
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Figure 7 - Center Span Test Setup (Zoomed View)
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Figure 8 - Exterior Span Test Setup (Zoomed View)
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Figure 9 - Test Setup Example
4.1

Reinforcement
Each of the four slab sections was reinforced with one 0.5 in. (12.7 mm) diameter

post-tensioning strand. Additionally, bonded steel reinforcement was used. The amount
of bonded reinforcement was varied across the four tests in order to cover a range of
reinforcement ratios.
The first and second slabs contained #3 bars, and the third and fourth slabs
contained #2 bars. The width of the slab “b” was varied between 17.7 in. (450 mm) and
21.3 in (541 mm). The quantities of both the bonded and unbonded steel reinforcement
are defined in Table 2. The slab dimensions and the distances to the bonded
reinforcement from the compression faces are defined in Table 3. The resulting
reinforcement ratios are tabulated in Table 4. The reinforcing ratios selected
corresponded to the one-way slab minimum (Slab 1), slightly higher than the one-way
minimum (Slab 2), lower than the one-way minimum (Slab 3) and the two-way slab
minimum mild reinforcing (Slab 4).
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Table 2 - Steel Reinforcement
Name
Units
Slab 1
Slab 2
Slab 3
Slab 4

Number of
Tensile Bars
in.^2 (mm^2) Designation
#
.153 (98.7)
#3
2
.153 (98.7)
#3
2
.153 (98.7)
#2
4
.153 (98.7)
#2
2
Aps

Bar Size

Bar
Diameter
in. (mm)
.375 (9.53)
.375 (9.53)
.250 (6.35)
.250 (6.35)

As t
in.^2 (mm^2)
.221 (143)
.221 (143)
.196 (127)
.0982 (63.3)

Table 3 - Slab Dimensions
Name

b

h

d

bd

Units

in. (mm)

in. (mm)

in. (mm)

in.^2 (mm^2)

Slab 1
Slab 2
Slab 3
Slab 4

21.3 (541)
17.7 (450)
21.3 (541)
21.3 (541)

5.20 (132)
5.20 (132)
5.20 (132)
5.20 (132)

4.40 (112)
4.40 (112)
4.40 (112)
4.40 (112)

93.7 (60,500)
77.9 (50,200)
93.7 (60,500)
93.7 (60,500)

Table 4 - Reinforcement Ratios
Name
Units
Slab 1
Slab 2
Slab 3
Slab 4

ρs = As t/bd

ρps = Aps /bd

Reinforcement
Ratio
0.00236
0.00284
0.00210
0.00105

Prestressing
Ratio
0.00163
0.00196
0.00163
0.00163

The cross section of slabs 1, 3, and 4 are represented in Figure 10. These three
slabs had a width of 21.3 in. (541 mm) as shown. For Slab 2, a width of 17.7 in. (450
mm) was used instead in order to vary the reinforcement ratio. The height “h” of 5.2 in.
(132 mm) remained constant across all four slab sections. The location of the centroids
of the bonded reinforcing steel in both the negative and positive moment reinforcing
regions, “d”, also remained constant across all four slabs at 4.4 in. (112 mm). This
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distance also corresponded to the extreme depths of the centroid of the post-tensioning
strand, which followed curving, parabolic profiles top to bottom according to passing
through positive and negative moment regions. The amount of bonded reinforcement was
varied across the four slabs. For Slabs 1, 2, and 4, only two bars were required per layer.
For Slab 3, four bars were used per layer, and the locations of the two additional bars for
are notated in Figure 10.

Rebar

Additional
rebar (Slab 3)

Rebar

Tendon

Figure 10 - Slab Cross Section
4.1.1

Post-Tensioning Strands
One 0.5 in. (12.7 mm) diameter post-tensioning strand was used for each of the

four tests. The 270 ksi (1860 MPa) strands were provided by VSL. The strands were all
composed of seven wires, with the cross sectional properties shown in Figure 11
(VSTRUCTURAL, LLC 2014). The strands were each anchored by VSL S5N
anchorages, as detailed in Figure 12 (VSTRUCTURAL, LLC 2014).
Although the anchorages themselves were used as intended, the provided wedges,
which are also shown in Figure 12, were not used. Instead, a chuck was used to secure the
strand. This enabled a load cell to be placed in between the chuck and the VSL anchor.
This allows the force at each end of the tendon to be determined. Washers were also used
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on either side of the load cell. This anchorage configuration was used at both the jacking
and dead end of each slab, as shown in Figure 13.

Figure 11 - Strand Properties

Figure 12 - VSL Anchorages
The strands used in each of the four slabs followed the same profile, which is
shown in Figure 14. The strand was supported by chairs constructed of welded wire
modified to order to support the strand at the specific heights necessary to maintain the
specified tendon profile. These chairs were placed approximately every 48 in. (1220
mm). The chairs are depicted in Figure 15. The profile shown in Figure 14 has been
scaled vertically by a factor of ten to exaggerate the profile and clearly demonstrate the
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parabolic curvature of the tendon. The notches in the tendon profile seen over the interior
supports are significantly less apparent when seen to scale. The profile is shown drawn to
scale in Figure 16.

Washers
Chuck
Tendon
VSL S5N Anchorage
Load Cell

Figure 13 - Anchorage Configuration

Figure 14 - Tendon Profile and Rebar Locations (not to Scale)

Welded Wire Chairs

Figure 15 - Welded Wire Chairs Installed in Formwork (from Slab 3)

Figure 16 – Tendon Layout (to Scale)
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Figure 16 - Tendon Layout (to Scale)
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4.1.2

Bonded Steel Reinforcement
Bonded steel reinforcement was used continuously along the bottom of the slab

for the entire length. In negative moment regions, which were located above the interior
supports, bonded reinforcement was used at the top of the slab. In order to achieve the
proper development lengths required by ACI Figure 13.3.8, bonded reinforcement
extended a length of 0.3L in each direction from the centerline of the interior supports.
This rebar layout is depicted in Figure 17 for the interior span and Figure 18 for the two
symmetric exterior spans. For Slabs 1 and 2, two #3 bars were used, and for Slabs 3 and
4, four #2 bars were used for both the top and bottom layer.

Figure 17 - Center Span Rebar Layout

Figure 18 - Exterior Spans Rebar Layout (Symmetric)
4.1.3

Instrumentation
Foil strain gauges were installed on both the bonded reinforcement as well as on

the tendon. Five strain gauges were attached to both the lower and upper layers of rebar,
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centered over two of the predicted plastic hinge locations, and spaced at 24 in. (610 mm)
along the length of the slab, for a total of 10 strain gauges on the bonded reinforcement,
as shown in Section 4.1.3.1. The amount of gauges was reduced to three on each bar layer
(for a total of six gauges on the rebar) for Slabs 3 and 4. Strain gauges were attached and
protected according to the procedure defined by the Strain Gauge Users’ Guide from
TML (Tokyo Sokki Kenkyujo Co., Ltd. 2011).

4.1.3.1 Rebar Strain Gauges
For Slabs 1 and 2, #3 rebar was used for bonded reinforcement. For Slabs 3 and 4,
#2 bars were used. It was necessary to attach strain gauges to both bar sizes, and the
procedure varied slightly between the two different bar sizes.
For the #3 rebar, the ridges of the bar were removed with an angle grinder with a
flap disc sanding attachment. The ridges were carefully removed on one side of the bar
until just flush with the interior. In order to preserve the integrity of the strength of the
bar, care was taken to ensure that no unnecessary material was removed. The proper
procedure for attaching strain gauges (Tokyo Sokki Kenkyujo Co., Ltd. 2011) was then
followed. The resulting strain gauge attachment configuration is shown in Figure 19.

Figure 19 - Foil Strain Gauge Attached to #3 Rebar Bonded Reinforcement
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The #2 rebar has a constant circular cross section along its entire length, so it was
not necessary to remove any rebar ridges. In this case, it was only necessary to prepare
the surface of the bar and apply the strain gauges according to the proper procedure
(Tokyo Sokki Kenkyujo Co., Ltd. 2011). The resulting rebar strain gauge configuration is
shown in Figure 20.

Figure 20 - Foil Strain Gauge Attached to #2 Rebar Bonded Reinforcement
The rebar strain gauge locations remained constant through both sizes of bonded
reinforcement. In both cases, a total of ten strain gauges were used. Five strain gauges
were used on positive moment reinforcing, and five gauges were used on negative
moment reinforcement.
The positive moment reinforcing strain gauges were located on the west span
bonded reinforcement. Since the dead end of the slab is the west end, this span was
predicted to be the critical span. The five gauges were spaced at 24 in. (610 mm), and the
center gauge was located at a distance of 94 in. (2390 mm) from the exterior support.
This is the location of the predicted plastic hinge formation. This strain gauge
configuration is depicted in Figure 21.
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The negative moment reinforcing strain gauges were located on the negative
moment reinforcement above the west interior support. This interior support is also closer
to the dead end, so it was also predicted to be the controlling location of the negative
moment plastic hinge. These gauges were also spaced at 24 in. (610 mm), and the center
gauge was located directly above the interior support. This strain gauge configuration is
depicted in Figure 22.

0.8 in. [20.3 mm]

Rebar Strain
Gauge Locations

Figure 21 - West Span Rebar Strain Gauge Locations (Positive Moment)

Rebar Strain
Gauge Locations

Figure 22 - West Interior Support Rebar Strain Gauge Locations (Negative Moment)
4.1.3.2 Tendon Strain Gauges
Nine strain gauges were attached to the strand. The locations were defined by the
predicted locations of the plastic hinges. Negative moment region plastic hinges were
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expected to form above the two interior supports. One strain gauge was placed directly
above this location at each support, and additional gauges were placed at a spacing of 24
in. (610 mm) in each direction from the centerline of the support, for a total of six
negative moment region strand strain gauges, with three over each interior support.
Positive moment plastic hinges were predicted to occur at a distance of 94 in. (2390 mm)
from each of the exterior supports, so a gauge was placed at this location on each of the
exterior spans. A last gauge was placed at the center of the center span, for a total of nine
gauges. These locations are shown in Figure 24.
Attaching strain gauges to the strand was a significantly different process than
attaching strain gauges to rebar. The strand consists of seven wires, six of which wrap
around one central wire which runs concentrically throughout the strand. The strand cross
section is shown in Figure 23.

Figure 23 – Cross Section of 7-Wire Strand
Strain gauges must be attached to one of the exterior wires. Since the wires twist
as they wrap around the exterior of the strand, it is not possible to attach a stain gauge
oriented concentrically with the strand.

Figure 24 – Strand Strain Gauge Locations (to Scale)

Tendon Strain
Gauge Locations
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Figure 24 - Strand Strain Gauge Locations (to Scale)
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Instead, each strain gauge must be attached concentrically to an individual wire.
The strain reported by the gauge is thus not representative of the true strain of the strand.
Thus, it was necessary to apply the correction discussed in Section 5.1.4.3.
It was also necessary to allow the strand to slide freely through the sheath for a
predicted distance of 5 to 6 in. (127 to 152 mm) during jacking, in addition to any
additional sliding that may occur during testing to flexural failure. The gauge lead wires
required strain relief to prevent the lead wires from pulling free from the gauge solder
points when the strand slides through the sheath. The gauges also had to be protected
from damage which may occur if the gauges were to slide beneath the plastic sheath.
The following procedure was followed in order to satisfy these protection
requirements. Initially, the plastic sheath was removed to create a window that covered
approximately half of the circumference of the strand and extended a total length of 9 in.
(229 mm). This allowed enough free distance to prevent the gauge from sliding beneath
the plastic sheath. The grease was then thoroughly removed with acetone. At a location
toward the future dead end of the tendon, the surface was carefully prepared. The
prepared strand is shown prior to strain gauge attachment in Figure 25.

Figure 25 - Strand Prepared for Strain Gauging
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The strain gauges were attached to one of the strand wires according to the
procedure defined by the Strain Gauge Users’ Guide from TML (Tokyo Sokki Kenkyujo
Co., Ltd. 2011). The gauges were attached concentrically with the individual wire to
which it was attached, not concentrically with the entire strand. A strain gauge is shown
in this configuration in Figure 26. The gauges, as well as the base of the lead wire
insulation, were then protected with a two-part epoxy.

Figure 26 - Foil Strain Gauge Attached to Tendon Wire
Flexible plastic tubing was then wrapped around the tendon to protect the strain
gauges. This tubing was large enough to allow a length of the lead wire from the strain
gauge to be preserved inside of the plastic tubing. This allowed a sufficient amount of
strain relief of the lead wires during jacking and stressing, and is shown in Figure 27.
Flexible plastic tubing of a smaller diameter was also attached to the protecting tubing in
order to allow the lead wires to extend to the outside of the slab.
The lead wires were also allowed to slide through this tubing in order to provide
additional strain relief to the lead wires, though the length of lead wire inside the larger
diameter plastic tubing was sufficient in most cases.
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Figure 27 - Strain Gauge Partially Protected by Plastic Tubing

Figure 28 - Fully Protected Tendon Strain Gauge
4.1.3.3 BDI Strain Transducers
Strain transducers manufactured by Bridge Diagnostics Inc. were attached directly
to the concrete for measuring the strain of the concrete in Slabs 1 and 2. Due to the lack
of substantive data from the first two slabs, these gauges were not utilized for Slabs 3 and
4. These strain transducers were placed at locations corresponding to the ten (two pairs of
five) bonded reinforcement strain gauges, as defined in Section 4.1.3.1. Though the strain
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transducers were placed at the same distance along the length of the slab, the transducers
were placed at locations opposite the corresponding strain gauges from top to bottom of
the slab height. This created ten pairs of gauges, each with one strain transducer and one
strain gauge. Thus, it was possible to determine the curvature of the slab at each of those
ten locations. The strain transducers are shown attached to the slab at the west interior
support in Figure 29.

Figure 29 - BDI Strain Transducers
4.1.3.4 Load Cells
Two different types of load cells were used for the data collection process. Two
hollow core load cells were placed at each end of the slab for the tendon to extend though
in order to determine the force in the tendon at both the jacking and dead ends. Three
load cells were used to determine the force applied to the hydraulic jacks that loaded the
slab, with one load cell on each span.
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The two load cells used for the tendon were Model 3000-100-1 Geokon 100k
(445 kN) load cells. These hollow load cells were used to measure the force in the tendon
at both the dead end and the jacking end. The load cell is shown in Figure 30, and the
configuration for securing each load cell was previously shown in Figure 13.
Strain gauges must be attached to one of the exterior wires. Since the wires twist
as they wrap around the exterior of the strand, it is not possible to attach a stain gauge
oriented concentrically with the strand. Instead, each strain gauge must be attached
concentrically to an individual wire. The strain reported by the gauge is thus not
representative of the true strain of the strand. Thus, it was necessary to apply the
correction discussed in Section 5.1.4.3.

Figure 30 – Hollow Load Cell
The three load cells which measured the load under the hydraulic jacks were 400
kip (1780 kN) Geokon load cells. These load cells were carefully positioned atop the
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jacks, and under the back-to-back reaction frame channels. The three jack load cells are
shown in this configuration in Figure 31.

Jack Load Cells

Figure 31 - Jack Load Cell Configuration
4.1.3.5 Wire Potentiometers (String Pots)
Wire potentiometers (referred to as “String Pots”) were used in order to measure
the deflection of the slab at predetermined points of interest. The locations were defined
by the predicted locations of the positive moment region plastic hinges. It was predicted
that the first positive moment plastic hinges would occur in the exterior spans at a
distance of 94 in. (239 mm) from the exterior supports. A string pot was placed directly
beneath this location on each of the outer supports. An additional string pot was placed at
a location half the distance from the plastic hinge to the corresponding interior support. A

39
string pot was also placed at the midpoint of the center span, though it was doubtful that a
plastic hinge would form at this location. Thus, a total of five string pots were used in
order to measure the deflection of the beam. The string pots were labeled SP1 to SP5 in
ascending order from the dead end of the slab section. These locations are depicted in
Figure 33.
As defined by the availability of the string pots in the lab, two of the five string
pots were capable of extending a total of 40 in. (102 cm), and three of the string pots
were capable of extending 5 in. (12.7 cm). The two longer range string pots were directly
under the predicted plastic hinge locations since the deflection at these points would be
the greatest. An example string pot configuration is shown in Figure 32.

Figure 32 - Wire Potentiometer Setup
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Figure 33 – String Pot Locations
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4.2

Data Acquisition Systems
Two data acquisition systems were utilized: the Vishay and the BDI. The BDI

data acquisition system was used to gather data from the strain transducers attached to the
concrete, as discussed in Section 4.1.3.3.
The Vishay Data Acquisition System was used to gather data from all other
sensors. The load cells, the foil strain gauges, and the string pots were all connected to
the Vishay System. The program StrainSmart 5000 was used through the three interface
boxes shown in Figure 34 in order to collect data from the various sensors.

Figure 34 - Vishay Interface Boxes with Instrumentation Attached
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CHAPTER 5
5

EXPERIMENTAL RESULTS AND DISCUSSION

This chapter contains the material testing results, the strand jacking behavior, and
the load test results are presented and discussed. In order to interpret the results of the
data, it was necessary to determine the properties of the concrete and steel which was
used. Both materials were subjected to testing to determine their properties. The specific
concrete mixes were varied between the four tests, so independent testing of the specific
properties of each concrete mix was performed. The amount of bonded steel
reinforcement was also varied, so the properties of the different rebar were determined
independently. The properties of the unbonded tendons were also determined.
The seating behavior of the tendon from before and after releasing the jack was
observed. The design coefficients of this specific behavior for each individual slab were
determined. The load-deformation behavior for each load test was observed and plotted
for each slab section. The relationship between the average applied force to the slab and
the increase in tendon stress was determined for each slab section. The cracking behavior
was observed and plotted as well. The results from these four tests were compared with
the existing body of research. The relationships between the code design parameters and
predictions were compared to the observed behavior.

5.1

Material Testing
Material testing was required for the specific concrete mixes that were used for

each slab as well as the post-tensioning tendons and the two different sizes of mild steel
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reinforcement. Various material properties of each specific material were determined, as
discussed in the following sections.

5.1.1

Testing Equipment
Material testing was conducted through two sets of test equipment: The Tinius

Olsen Universal Testing Machine (UTM) and the Forney FX600 Compression Testing
Machine.

5.1.1.1 Tinius Olsen UTM
The Tinius Olsen UTM was manufactured in 1951 and retrofitted with new servo
hydraulics by Instron in 2014. The Tinius Olsen UTM can be configured for either tensile
or compressive testing. The UTM was used for testing both concrete and steel specimens.
The UTM is shown in Figure 35. The UTM is shown in Figure 35 in a configuration
which allows for compression under the crosshead, or for tensile testing above the
crosshead when testing specimens with properly sized threaded ends. The UTM can also
be configured with sets of steel wedges at and above the crosshead for testing tensile
specimens. The UTM was used for testing both concrete and steel.

Figure 35 - Tinius Olsen UTM
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5.1.1.1.1 Instron Interface
The Tinius Olsen UTM interfaces with a computer software system through a
system provided by Instron. The Instron Interface is shown in Figure 36. The Instron
Interface allows the Partner Software to communicate with the UTM. The Interface also
allowed the required extensometer to interface with the software.

Figure 36 - Instron Interface
5.1.1.1.2 Partner Software
The Partner Software allows the user to control the parameters of testing
conducted on the Tinius Olsen UTM through the Instron Interface. The Partner Software
is shown in Figure 37. The software allows the user to control the rate of loading in either
force or displacement control and enter material properties. The software has the ability
to internally make calculations such as stress by the measured force, or to calculate
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material properties such as the Modulus of Elasticity based on the measured stress-strain
curve. However, for the testing performed for this project, the raw data was primarily
used, and the additional calculations were performed manually.

Figure 37 - Partner Software
5.1.1.1.3 Instron 2630-100 Series Clip-On Extensometer
The Instron 2630-100 Series Clip-On Extensometer was used to measure strain on
tensile testing of steel members in the UTM. The extensometer is shown in Figure 38.
The extensometer has a 2.0 in. (50.8 mm) gauge length and a travel of ±0.2 in. (5.08
mm). The extensometer utilizes a Wheatstone Full Bridge Strain Gauge configuration on
a bending element in order to convert a change in gauge length to a value of strain.
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Figure 38 - Instron Extensometer
Steel clips of various sizes were used in order to attach the gauge to the specific
steel member subject to testing. The extensometer was zeroed prior to beginning testing.
The extensometer was removed after the initial yielding of the particular steel specimen,
but prior to failure in order to prevent the extensometer from being damaged. Strain
values taken after the extensometer has been removed are used by converting the
displacement of the cross head to the proper values of strain.

5.1.1.2 Forney FX 600
The Forney FX 600 was used for compression testing on concrete cylinders. The
machine is shown in Figure 39. The Forney FX 600 is controlled by a manual set of
controls that allows the machine to apply compression in either Full Advance or Metered
Advance settings, in addition to positions to stop or run in reverse. When Metered
Advance is selected, the control knob allows the user to control the rate of loading
manually. This is the mode that was used for all compression testing in the Forney FX
600.
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The digital display allows the user to monitor the rate of loading when the test is
in progress. The Metered Advance Knob allows the user to control the load rate in real
time to correspond as closely as possible to the proper ASTM Standard. The digital
display was also used to determine the maximum load after each cylinder had reached
failure.

Figure 39 - Forney FX 600
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5.1.2

Concrete Testing
The following concrete properties were determined: slump, unit weight, ultimate

compressive strength (f’c), the rupture stress in tension (fr), and the Modulus of Elasticity
(E). For each of the four slabs, although the concrete specifications requested from the
supplier were the same, the specific concrete which was delivered varied between tests,
so the concrete from each specimen was thoroughly tested to determine each specimen’s
properties.
A portion of the delivered concrete was set aside in a wheelbarrow for testing.
This concrete was designated for performing the Slump and Unit Weight Tests, as well as
casting cylinders for use in the Ultimate Compressive Strength Test, the Splitting Tensile
Strength Test, and the Modulus of Elasticity Compressive Test.
The Concrete Compressive Strength Test and the Splitting Tensile Strength Test
both required 4 in. (102 mm) diameter by 8 in. (203 mm) length cylinders. The Concrete
Compressive Strength Test required three cylinders each time the test was conducted.
The number of times this test was required to be repeated varied depending on how
quickly the specific concrete mix reached the desired strength. It was estimated that this
test would need to be performed approximately 3 to 5 times, so at least 15 cylinders were
determined to be necessary for compressive testing. For the Splitting Tensile Strength
Test, three cylinders were required for the test, and the test only needed to be performed
during the day of testing the slab specimen. In order to ensure that a sufficient number of
cylinders were prepared to cover each of these tests, twenty-four 4 x 8 in. (102 x 203
mm) cylinders were cast for each slab.
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In order to perform the Modulus of Elasticity Compressive Test, it was necessary
to cast cylinders that were 6 in. (152 mm) diameter by 12 in. (305 mm) long. Three
cylinders of this size were required to perform this test for each concrete mix, and this
test only needed to be performed once per slab. In order to ensure that enough cylinders
were cast to complete this test, four 6 x 12 in. (152 x 305 mm) cylinders were cast for
each slab.
Cylinders of each size were cast in accordance with the proper testing procedure
(ASTM C31 2012). The cylinders are shown in Figure 40.

Figure 40 – Casting Cylinders
5.1.2.1 Concrete Slump Test
The first test which was performed for each specimen was the slump test. The
slump test was performed according to the proper testing procedure (ASTM C143 2012).
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The procedure is shown in Figure 41. The slump cone was filled in three separate lifts. At
each lift, a 5/8 in. (15.9 mm) diameter, 24 in. (610 mm) rod with hemispherical ends was
applied 25 times. For the second and third lifts, the rod was penetrated approximately 1
in. (25.4 mm) into the previous layer. For the final layer, the concrete was filled just over
the top of the cone, and the excess concrete was struck off to create a level surface at the
top of the cone. The cone was then carefully removed, and the slump of the concrete was
measured. A slump of 10 in. (254 mm) was requested, but the measured slump varied for
each test. The measured slump values for each of the four slabs are shown in Table 5.

Figure 41 – Slump Test
Table 5 – Measured Slump Values
Name
Units
Slab 1
Slab 2
Slab 3
Slab 4

Slump
in. (mm)
8 (203)
6 (152)
10 (254)
9 (229)
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5.1.2.2 Concrete Unit Weight Test
A unit weight test was performed for each slab that was cast. The unit weight test
is shown in Figure 42. The test was performed in accordance with the proper testing
procedure (ASTM C138 2014). The exceptions are outlined below. The unit weight
measure was first weighed while empty. The measure was filled in three separate lifts.
Since the slump was previously measured to be above 3 in. (76.2 mm), the rodding
method was utilized. The 5/8 in. (15.9 mm) diameter rod was applied 25 times per layer.
For the second and third layers, the rod was penetrated approximately 1 in. (25.4 mm)
into the lower layer. The excess concrete was then struck to create a level surface. The
exterior was cleaned of additional excess concrete, and the full measure was then
weighed on the same scale which was used to determine the weight of the empty
measure.

Figure 42 - Unit Weight Test
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The empty unit weight measure weighed 4.04 lb (18.0 N), and this weight was
subtracted from the weight of the full measure in order to determine the weight of only
the concrete. The specific weight of the concrete was then determined by dividing the
measured weight of the concrete only by the volume of the measure. The results are
shown in Table 6.

Table 6 - Unit Weight Calculations
Name

Total Weight

Units

lb (N)

Slab 1
Slab 2
Slab 3
Slab 4
Average

18.3 (81.4)
18.3 (81.3)
18.5 (82.2)
18.2 (81.0)
18.3 (81.5)

Measured
Unit Weight
Weight
lb/ft^3
lb (N)
(kN/m^3)
14.3 (63.4) 142.6 (22.4)
14.2 (63.3) 142.3 (22.4)
14.4 (64.3) 144.5 (22.7)
14.2 (63.0) 141.7 (22.3)
14.3 (63.5) 142.8 (22.4)

5.1.2.3 Concrete Cylinder Testing
The cylinders were used to perform the Ultimate Compressive Strength Test, the
Splitting Tensile Strength Test, and the Modulus of Elasticity Compressive Test.

5.1.2.3.1 Ultimate Concrete Compressive Strength Test
Stressing the tendon in each slab was only allowable after the concrete reached
the strength of 2000 psi (13.8 MPa). It was also desired to test each slab specimen when
the value of f’c was between the values of 4000 and 6000 psi (27.6 and 41.4 MPa). In
order to prevent the delay of subsequent testing, it was desired to reach these desired
strengths prior to the typical 28 days required. In order to accomplish this, a concrete
strength of 5000 psi (34.5 GPa) at 7 days was requested from the supplier in the hope that
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the desired strengths would be achieved in a timelier manner. Concrete Compressive
Strength Tests were required in order to monitor the strength for those reasons.
The 4 x 8 in. (152 x 305 mm) cylinders were subjected to compressive tests at
various days after casting in order to determine when the proper strength of 2000 psi
(12.8 MPa) for stressing the tendon was reached, and to determine when the proper
strength range for testing was reached. The Ultimate Compressive Strength Test utilized
the Forney FX 600, and the test was performed in accordance with the proper testing
procedure (ASTM C39 2014). The test setup is shown in Figure 43.

Figure 43 - Compressive Strength Test Setup
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The cylinders were capped with neoprene pads and steel caps on each end. The
cylinders were then centered in the Forney concrete testing machine. The cylinders were
loaded at approximately 440 lb/s (1.96 kN/s) by adjusting the metered advance knob. The
cylinders were loaded until failure, and the maximum load was recorded on the digital
display. The maximum force was then converted to axial stress by dividing the force by
the 12.6 in^2 (8110 mm^2) area of the 4 in. (102 mm) diameter cylinder. The
Compressive Strength Test results are summarized in Table 7.

Table 7 - Ultimate Compressive Strength Summary
Event
Name
Units
Slab 1
Slab 2
Slab 3
Slab 4

Casting
Tensioning
Testing
Date
Date
f'c
date
f'c
mm/dd/yy mm/dd/yy
psi (MPa)
mm/dd/yy
psi (MPa)
07/08/14 07/11/14 3,170 (21,900) 07/17/14 6,360 (43,900)
08/14/14 08/15/14 2,630 (18,100) 08/20/14 4,690 (32,300)
10/10/14 10/20/14 4,010 (27,600) 10/22/14 4,150 (28,600)
11/17/14 11/19/14 2,160 (14,900) 11/24/14 3,620 (24,900)

5.1.2.3.2 Splitting Tensile Strength Test
In order to determine the Modulus of Rupture (Maximum Tensile Stress), split
cylinder tests were performed on the 4 x 8 in. (102 x 203 mm) cylinders in accordance
with the proper testing procedure (ASTM C496 2004). The cylinders were fully
supported along their entire lengths. The Split Cylinder Test is depicted in Figure 44.
The Rupture Stresses for each slab are shown in Table 8. The measured rupture
strength for each specimen was calculated by Equation 4. “P” represents the maximum
applied load (lb), “D” is the cylinder diameter (in.), and “Lc” is the cylinder length (in.).
The estimated rupture stresses are based on the measured compressive strength (f’c) and
are calculated by Equation 5. The rupture test was performed for the day of testing.
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Figure 44 – Splitting Tensile Strength Test
Table 8 - Moduli of Rupture
Name
Units
Slab 1
Slab 2
Slab 3
Slab 4

𝑓𝑟𝑚 =

frm (Measured)
ksi (MPa)
.483 (3.33)
.383 (2.64)
.373 (2.57)
.233 (1.61)

2𝑃
𝜋𝐷𝐿𝑐

𝑓𝑟 = 7.5√𝑓′𝑐

fr (Estimated)
ksi (MPa)
.598 (4.12)
.514 (3.54)
.483 (3.33)
.451 (3.11)

Equation 4
Equation 5

5.1.2.3.3 Static Modulus of Elasticity Test
The three 6 x 12 in. (152 x 305 mm) cylinders from each of the four slabs were
used to determine the Modulus of Elasticity. The cylinders were tested according to the
proper testing procedure (ASTM C469 2014), and the test setup is shown in Figure 45.
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The cage was used to ensure that the deflection measurements were from the
concrete deflecting only. The crosshead displacement was measured by the string pot,
which would have included the compression of the neoprene pads on each end of the
cylinder, as well as the slight deflection of the steel on each side of the concrete. The
cage functions by keeping the lower connection securely in place by three attachment
points to the concrete, but the top connection is attached by only two screws. This, along
with a rod of a fixed length opposite the gauge, causes the top ring to rotate when the
cylinder is loaded. In order to account for this by the principle of similar triangles, the
gauge reading is divided by two.

Figure 45 – Modulus of Elasticity Test Setup
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The cylinders were loaded and unloaded to 40% of the compressive strength (f’c),
which was previously determined for the Ultimate Compressive Strength Test. Three
loading and unloading cycles were performed on each cylinder. Values of force and
displacement were recorded, and the Modulus of Elasticity was determined according to
the slope of the resulting graphs. An example Modulus of Elasticity graph is shown in
Figure 46.
Each of the three 6 x 12 in. (152 x 305 mm) cylinders from each of the four slab
sections was loaded three separate times, and the stress-strain curves were produced for
each loading. The measured Modulus of Elasticity was then calculated as the slope of the
produced lines. An example of a stress-strain relationship from a modulus test is shown
in Figure 46.
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Figure 46 - Example Stress-Strain Relationship for Modulus Calculation from Slab 3
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For Slab 3, the Modulus of Elasticity was calculated to be 3290 ksi (22,700 MPa),
compared to a predicted value of 3,670 ksi (25,300 MPa). For Slab 4, the Modulus of
Elasticity was calculated to be 2,980 ksi (20,600 MPa), compared to a predicted value of
3,350 ksi (23,100 MPa).
The estimated modulus of elasticity was based on the measured specific weight
and the measured compressive strength. Equation 6 defines how the estimated modulus
was calculated. For calculating the Modulus of Elasticity of the concrete (Ec) in Equation
6, the unit weight of the concrete (wc) is in units of lb/ft^3, and the compressive strength
of the concrete (f’c) is in units of lb/in^2.
𝐸𝑐 = 33𝑤𝑐1.5 √𝑓𝑐′

Equation 6
Table 9 - Concrete Moduli of Elasticity

5.1.3

Reinforcing Steel
For the first two of the four slabs which were constructed, GR60 #3 rebar was

used in addition to the post-tensioning tendons. For the third and fourth slabs, GR60 #2
rebar was used instead. The material properties of both bar sizes were tested individually.
The properties determined include the Modulus of Elasticity (E), the Yield Strength (fy)
and the ultimate strength (fu).
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5.1.3.1 #3 Rebar Tensile Testing
The GR60 #3 rebar was tested according to the proper test standards (ASTM
A370-14 2014). Six bars were tested, and the stress-strain curves of each of the six tests
are shown in Figure 52. During testing, the extensometer was left on the rebar until a
drop in load was observed, indicating rupture was about to happen. The most significant
differences observed in the #3 rebar testing is the difference in ultimate elongation.
Necking was observed to occur both inside the 2 in. (50.8 mm) gauge length of the
extensometer as well as outside the gauge length, depending on the specific bar being
tested. This makes the presented strain at failure appear highly variable.
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Figure 47 - #3 Rebar Stress-Strain Relationships
The results of the #3 rebar tests included an average Yield Stress (Fy) of 67.0 ksi
(462 MPa), an average Ultimate Stress of 104 ksi (716 MPa), an average Modulus of
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Elasticity (E) of 28,700 ksi (198,000 MPa), and an average ultimate elongation of 0.159.
The data is summarized in Table 10.

Table 10 - #3 Rebar Summary
Name

Yield Stress

Symbol
Units
Bar 1
Bar 2
Bar 3
Bar 4
Bar 5
Bar 6
Average

Fy
ksi (MPa)
68.2 (470)
64.5 (444)
67.4 (465)
67.8 (467)
67.0 (462)
67.2 (463)
67.0 (462)

Ultimate
Ultimate
Modulus of Elasticity
Stress
Elongation
Fu
E
ε
ksi (MPa)
ksi (MPa)
Strain
104 (719)
27,500 (189,000)
0.156
101 (700)
28,800 (199,000)
0.163
104 (718)
28,100 (194,000)
0.160
105 (723)
28,900 (199,000)
0.157
104 (717)
30,500 (210,000)
0.156
105 (721)
28,400 (196,000)
0.161
104 (716)
28,700 (198,000)
0.159
max

5.1.3.2 #2 Rebar Tensile Testing
The GR60 #2 bars were tested according to the proper test standards (ASTM
A370-14 2014). The test setup is shown in Figure 48. Prior to the test, the bars were
marked at half of their total length in order to center the bar in the UTM. A mark was
indicated one inch in each direction of this centerline mark with tape. This ensured that
the 2 in. (50.8 mm) gauge length extensometer would be properly centered at the
midpoint of the bar. Marks were also indicated at a distance of four inches in each
direction from the center of each bar. This created a gap of 8 in. (203 mm) between the
two sets of wedges.
Initially, it was intended for this 8 in. (203 mm) length to be used as the gauge
length for testing. However, initial testing in this configuration was found to be prone to
failure in the wedges. Data from testing with failure occurring in the wedges was
discarded. Wedges with a larger opening were then used to allow the bar to freely extend
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through the top and bottom openings of the UTM. This created a longer gauge length,
which was equal to the initial 8 in. (203 mm) distance between the wedges, plus the
length of each set of wedges. The wedges on the top and bottom each have a length of
6.75 in. (172 mm), which corresponded to a total gauge length of 21.5 in. (546 mm). The
bar was secured on either side of the wedges with a 0.25 in. (6.4 mm) diameter chuck
which securely held the bar at both ends. The chuck configuration is shown in Figure 49.
All of the tests conducted on the #2 bars with the chucks broke in the free distance away
from the grips.

Figure 48 - #2 Rebar Test Setup

Three bars were tested, and the stress-strain curves of each of the six tests are
shown in Figure 50. The results of the #2 rebar tests included an average Yield Stress (Fy)
of 67.9 ksi (468 MPa), an average Ultimate Stress of 72.5 ksi (500 MPa) and an average
Modulus of Elasticity (E) of 30,800 ksi (213,000 MPa). The data is summarized in Table
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11. After yielding, significantly less strain hardening was observed to occur when
compared to the #3 bars. This is the reason for the smaller differences when comparing
the yield stress to the ultimate stress.

Figure 49 - Chuck securing #2 rebar (bottom)
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Figure 50 - #2 Rebar Stress-Strain Relationships
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Table 11 - #2 Rebar

5.1.4

Name

Yield Stress

Ultimate Stress

Symbol
Units
Bar 1
Bar 2
Bar 3
Average

Fy
ksi (MPa)
67.6 (466)
68.1 (470)
67.9 (468)
67.9 (468)

Fu
ksi (MPa)
72.2 (498)
73.6 (507)
71.7 (494)
72.5 (500)

Modulus of
Elasticity
E
ksi (MPa)
32,200 (222,000)
29,300 (202,000)
31,100 (215,000)
30,800 (213,000)

Prestressing Steel
For all four slab sections, one 0.5 in. (12.7 mm) diameter 270 ksi (1860 MPa)

tendon was used. In order to determine the material properties and characteristics of the
tendons, tensile testing was required. It was primarily necessary to determine the modulus
of elasticity and yield strength of the tendons. Ideally, the ultimate strength and ultimate
elongation would also be determined. It was also necessary to determine the entire stressstrain relationship of the tendons in order to convert the values of strain from the strain
gauges on the tendon to values of stress or force.
Options were investigated for testing the tendons with a method that would
maximize the potential for failure to occur in the free distance between the grips,
including those that have worked in the past for other researchers (Bruce 2014). The lack
of hydraulic grips in the UTM prevented the success of some of these options. All efforts
were unfortunately unsuccessful due to slippage during preliminary testing or the lack of
ability to acquire equipment with the proper capability. The tendons were thus tested by
using chucks at each end, knowing that the strands would likely break in the chucks. This
setup still provided reliable information throughout the linearly elastic and yielding
regions of the stress-strain curve. However, the observed failure stress did not truly
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represent the ultimate elongation of the strand due to the grips of the chuck causing stress
concentrations. This testing method was still deemed adequate because all data prior to
the observed failure was accurate, and strand stress in unbonded members is not typically
expected to reach rupture.
Testing was conducted in accordance with the proper testing standard (ASTM
A416 2012) except for the changes outlined. Three tendons were tested in the Tinius
Olsen UTM by the configuration shown in Figure 51. The steel wedges that were used for
this test have an opening larger than the diameter of the tendons. This allowed the
tendons to freely extend all the way through the wedges without the wedges gripping the
tendon. This created a larger gauge length than appears in Figure 51. The total gauge
length is thus equal to the sum of the height of each set of wedges, plus the 8 in. (203
mm) clear distance between them. The wedges were measured to have a height of 6.75 in.
(172 mm) each, which corresponded to a total gauge length of 21.5 in. (546 mm).

Figure 51 - Tendon Test Setup
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The tendon was instrumented with the Instron 2630-100 Series Clip-On
Extensometer to measure the stress strain curve of the tendon during the linearly elastic
portion of the test. Due to safety concerns, the extensometer was removed after a stress of
200 ksi (1380 MPa) was reached, and the remaining strain values were calculated using
the position of the crosshead. The stress-strain curves of three tendons which were tested
(all of which failed in the grips of the chuck) are shown in Figure 52.
The tendons failed at an average stress of 271 ksi (1870 MPa), which corresponds
to an average force of 41.4 kips (184 kN). However, this failure did not actually occur at
the potential maximum elongation due to strain concentrations at locations of failure in
the grips of the chucks that were used for testing.

0.00

0.01

Strain (mm/mm)
0.02
0.03
0.04

0.05

0.06

300

2000

250
1500

Notch from pausing
test to remove
extensometer

150

1000

100
Tendon 1

500

Tendon 2

50

Tendon 3

0

0
0.00

0.01

0.02

0.03

0.04

0.05

Strain (in/in)

Figure 52 - Stress-Strain Relationships of Tendons
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5.1.4.1 Offset Method
The Offset Method was utilized in order to define the yield point of each tendon.
After the Modulus of Elasticity was determined, a line was defined on the same plot as
the stress-strain relationship of the tendons which started at a strain of 0.2% and
increased linearly following the Modulus of Elasticity. The 0.2% Offset Line is shown on
Figure 53.
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Figure 53 - 0.2% Offset Line
A zoomed view of the intersection point of the 0.2% offset line from Figure 53 is
shown in Figure 54. From the intersections of the 0.2% offset line to the stress-strain
relationships of each tendon, the yield point was determined. The Modulus of Elasticity
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was also determined by the slope of the linear portion of the stress-strain plot of each of
the tendons. The resulting data is summarized in Table 12.
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Table 12 - Tendon Yield Stresses and Moduli of Elasticity
Name
Units
Tendon A
Tendon B
Tendon C
Average

fy
ksi (MPa)
226 (1,560)
225 (1,550)
222 (1,530)
224 (1,550)

E
ksi (MPa)
29,300 (202,000)
29,800 (205,000)
28,400 (196,000)
29,200 (201,000)

Stress (MPa)

227

0.0096
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5.1.4.2 Power Formula
The shapes of the curves of the stress-strain relationships of the tested strands
were used to calibrate the strain gauge readings from the four slab tests. The Power
Formula (Devalapura 1992) was used to determine this relationship. The Power Formula
determines the tendon stress (fps) as a function of the tendon strain (εps). Four separate
constants (A, B, C, and D) adjust the shape of the stress-strain curve. The Power Formula
is also capped at the tendon’s ultimate stress (fpu).

Equation 7

Although a set of constants is recommended by the original research (Devalapura
1992), these constants can be varied in order to be more representative of test data. The
constants which produced the best possible fit to the data acquired for this research are
shown in Table 13.

Table 13 - Power Formula Constants
Constants
A
B
C
D

Best Fit
610
29165
121
4.5

Devalapura Constants
887
27613
112.4
7.36

The Power Formula was plotted with the originally recommended constants on
the same plot with the newly developed best fit constants in Figure 55. It is apparent in
this figure that the best fit constants are significantly more accurate to the measured
stress-strain curves of the tested tendons than the curve produced by the recommended
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values. These best-fit constants were used in order to relate the measured and angle
corrected strand strain gauge readings (as discussed in Section 5.1.4.3) to the proper
stress.
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5.1.4.3 Tendon Strain Gauge Angle Correction Factor
In order to properly use the data from the strain gauges attached to the strands, it
was necessary to determine and apply a correction factor. This is necessary to account for
the fact that the gauges could not be attached collinearly to the strand. Instead, the gauges
were attached collinearly to one of the seven individual wires composing the strand. This
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is shown in Figure 56, and was also discussed in Section 4.1.3.2. The strain values
reported by the gauge were thus lower than the actual strain of the tendon.

Figure 56 – Strand Strain Gauge Attached Collinearly to One Wire
Previous research (Arrellaga et al. 1993) conducted tests where strain gauges were
attached collinearly to individual tendon wires, and the relationship between the gauge
reported strain and the measured tendon stress was determined. Gauges were attached to
each of the six exterior tendon wires, and the strain –stress relationship of all six gauges
were determined as shown in Figure 57. From this figure, the stress in any of the exterior
wires could be ±25 ksi from the mean stress in the strand and a given strain measurement
on a wire could correspond to up to 50 ksi different than what is in the other wires. This
observation illustrates the inherent, and mostly unavoidable, error of measuring single
wire strain in a free – or unbonded – tendon.
The previous research (Arrellaga et al. 1993) outlined the relationship of the
geometry of the orientations of each of the wires in the seven wire strand to the total
change in length of the strand when the tendon is tested. The change in length of an
individual wire is related to the change in the length of the entire tendon by Equation 8.
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As illustrated in Figure 58, “l” represents the length of an instrumented wire
corresponding to one revolution around the strand, “Δ’” represents the elongation of the
individual wire, “d” represents the diameter of the strand, “p” represents the pitch of the
strand, and “Δ” represents the strand elongation.

Figure 57 - Multiple Strain Gauge Tendon Stress-Strain Relationship (Arrellaga et al.
1993)

l + Δ' = √(πd)2 + (p + Δ)2

Equation 8

Figure 58 shows how the change in length of the tendon is related to the change in
length of one individual wire. The strain is then calculated as the change in length of the
entire tendon’s gauge length over that gauge length.
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Based on this geometry, a correction factor was determined that depends on the
pitch of the tendon (d). The correction factors are given in Table 14, and they vary from
12d to 16d. All of the strands which were used had a measured wire pitch of 8 in. (203
mm). All of the strands also had a diameter of 0.5 in (12.7 mm). This corresponds to a
pitch equal to 16d, so a Strain Gauge Correction Factor of 1/0.963 (an increase of 3.84%)
was applied to all tendon wire strain gauge measurements to convert to equivalent
longitudinal strain from the single wire strain.

Figure 58 - Strain Gauge Angle Correction Determination (Arrellaga et al., 1993)
Table 14 - Strain Gauge Angle Correction Factor

Pitch

(ε'/ε)

12ds

0.936

16ds

0.963

73
5.2

Jacking Results
After casting, it was necessary to wait for the concrete to reach the strength of 2

ksi (13.8 MPa) before jacking the strand. Cylinders were tested prior to jacking for each
of the four slabs, and the strengths on the day of jacking were noted in Table 7. Once the
proper strength was reached, the jacking configuration was set up. A load cell was placed
in between the chuck and the anchorage in order to determine the force at the ends of the
tendon in the tendon during jacking as well as during the rest of the testing procedure.
Washers were used to ensure the security of the load cell and to create a uniform bearing
surface. An Enerpac hydraulic monostrand jack was then seated behind the chuck, and
the force was applied.
For the first two slabs, a spacer was used at each end of the slab in the hope that
this would aid the deconstruction process after testing was completed. This was later
determined to be unnecessary and unsafe, and was thus discontinued for the final two
slabs. The jacking configuration is depicted in Figure 59. After jacking, the resulting
anchorage configuration of both the dead and live ends appeared as previously shown in
Figure 13, though two of the slabs were additionally equipped with a spacer.
The dead end and live end load cells monitored the applied jacking loads during
the jacking procedure. The load cells were used to monitor the applied jacking force. A
hydraulic pump was utilized to slowly and incrementally add force to the tendon. To
account for the predicted seating losses, with a maximum strand stress after seating of 31
kips (138 kN), the target jacking force for the live end of each strand was 32 kips (142
kN). Once this desired jacking force was reached at the live end, the monostrand strand
jack was released.
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Chuck

Figure 59 - Jacking Configuration
During the testing procedure for the second slab, there were issues with the
tendon load cells. During the jacking process, a higher force was reported by the dead
end load cell than the jacking end load cell. In order to ensure that the tendon was not
overly stressed, jacking was terminated once the dead end load cell reached the intended
jacking load, though the data collection system was reporting that the jacking end load
cell had not yet reached the same load. After reviewing the data, including the tendon
strain gage readings and an “a posteriori” data correction on the jacking end load cell, the
research team is confident in the jacking end load cell which read 28,500 lb (127 kN), but
the dead end load cell, which read 32,000 lb (142 kN) was incorrectly reporting loads,
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and has been discarded. During the load test, the dead end load cell was significantly
damaged so calibration verification or “a posteriori” data correction would not be valid.

5.3

Losses Discussion
Based on the observed data from the tendon strain gauges and the tendon load

cells, the curvature and wobble coefficients were estimated. The tendon force was plotted
along the length of the slab for each of the tests, and a curvature and wobble coefficient
was calculated for each test. The strand jacking stress profiles from before and after
release of the strand jack are shown in Figure 60, Figure 61, Figure 62, and Figure 63,
respectively, for each of the four slabs.
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Figure 60 - Slab 1 – Measured Seating Stresses
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Figure 61 - Slab 2 – Measured Seating Stresses
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Figure 62 - Slab 3 – Measured Seating Stresses

58.5

Strand Stress (MPa)

1,389

200

77

0

Distance From Jacking End (m)
5
10

15

220

1,489

Strand Stress (ksi)

1,289
180
1,189
160

1,089

140

After Seating - Measured

989

Prior to Seating - Measured

889

Strand Stress (MPa)

1,389

200

Prior to Seating - Predicted

120

789

After Seating - Predicted
100

689
0

19.5

39

58.5

Distance From Jacking End (ft)

Figure 63 - Slab 4 – Measured Seating Stresses
The curvature and wobble coefficients were estimated by minimizing the errors
between strain gauge measured values. The determined coefficients are shown in Table
15. The ranges of these constants recommended by ACI are summarized in Table 15. It
can be seen that the constants used in Table 15 to determine the best correlation to the
measured data is consistently near the lower ends of the recommended ranges of each of
the two constants throughout the four test specimens. This illustrates the low amount of
observed friction throughout the tests.
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Table 15 - Wobble and Curvature Coefficient Estimations
Name

Wobble
Coefficient

Curvature
Coefficient

Jacking
Stress

Release
Stress

Test Stress

Symbol
Units
Slab 1
Slab 2
Slab 3
Slab 4

K
(1/ft)
0.00025
0.00030
0.00040
0.00030

μP
(1/Radian)
0.03
0.03
0.03
0.05

fpj
ksi (MPa)
178 (1,220)
168 (1,160)
189 (1,300)
191 (1,320)

fpr
ksi (MPa)
170 (1,170)
159 (1,090)
182 (1,250)
183 (1,260)

fpt
ksi (MPa)
163 (1,120)
151 (1,040)
174 (1,200)
175 (1,210)

Table 16 - ACI Recommended Wobble and Curvature Coefficients
ACI - Table R18.6.2
Wobble
Curvature
Coefficient Coefficient
K
μP
(1/ft)
(1/Radian)
0.0003-0.0020 0.05-0.15

5.4

Load Tests
The four slabs were all loaded in the same way, with uniformly distributed loads

applied to all three spans simultaneously. The spreader beams were arranged to convert
the single point load from the hydraulic jack over each span to as close to a uniformly
distributed load as possible. Three spreader beams were used on each span, as shown in
Figure 7 and Figure 8. Each spreader beam was simply supported, with a roller on one
end and a pin on the other end. This insured that both support reactions of each spreader
beam were equal. The two lower spreader beams on each span were spaced at a distance
of one fifth of the length of each individual span. Thus, the spreader beams applied four
equal point loads to each of the spans in a configuration resembling a uniformly
distributed load across the entire length.

79
The load was increased in small, pulsing increments. If any unusual behavior was
observed, the test was paused until the issue was resolved, and load was reapplied
accordingly. The load was increased until failure occurred. Data was recorded on all
sensors throughout the entire process.
The loads applied by the jacks were all added together and divided by the total
length of the three spans in order to determine an average applied load in terms of kips/ft.
(N/mm). This average applied load is used in the following sections to establish the load
vs. deformation relationship and the increase in strand stress vs. deflection relationship.

5.4.1

Load-Deformation Behavior
For each of the four slabs, it was desired to produce a plot of the relationship

between the average applied load to the slab vs. the deflection response as measured by
the string pots. The average applied load was determined by the load cells on the
hydraulic jacks applying the load. The three load cells were averaged and divided by the
span length in order to view the load as an average applied distributed load.

5.4.1.1 Slab 1
The first slab reached the first crack at an average applied load of 0.196 k/ft (18.5
kN/m). The load was increased beyond this point, and at 0.326 k/ft (30.7 kN/m), one of
the hydraulic jacks became unstable upon its spherical bearing. The load was removed,
and the jack was re-centered. The load was then reapplied and all three jacks maintained
stability throughout the rest of the testing procedure. The looping behavior at lower
values of deflection and average applied load in Figure 64 reflect this temporary removal
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of the load. Failure occurred when the average applied load reached a maximum of 0.580
k/ft (54.6 kN/m).
Figure 64 depicts the resulting load-deformation behavior. All five string pots are
shown on the same plot vs. the average applied load. SP2 and SP4 eventually reached
their maximum gauge values at a load of 0.531 k/ft (50.0 kN/m) and 0.547 k/ft (51.5
kN/m), respectively. These string pots were not reset during the test due to safety
concerns, as one of the hydraulic jacks had already become unstable upon its spherical
bearing, and it was uncertain how stable the jacks and spreader beams would remain.
Two positive moment region plastic hinges were predicted. One was predicted on
each of the two exterior spans at the location of maximum positive moment. The specific
predicted locations were at a distance of 94 in. (239 cm) from each of the exterior
supports. The placement of the string pots “SP1” and “SP5” reflected these locations. It
was observed that the locations of the observed plastic hinges were nearly exactly at these
predicted locations. Negative moment region plastic hinges were also observed to occur
of each of the two interior supports, as expected.
Similar to the other three slabs, it was not expected that a hinge would form at the
positive moment region of the center span. During the course of the test, very little
deflection and plasticity was observed in the central span, and a plastic hinge did not
form in this region. Detailed pictures of the negative moment region plastic hinge
formations and a discussion of the cracking behavior can be found in Section 5.4.2.
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Figure 64 - Slab 1 Average Applied Load vs. Deflection
5.4.1.2 Slab 2
Slab 2 was loaded under the same conditions as the first slab. However, the
second slab utilized a higher reinforcement ratio, as shown in Table 4. The load was
increased until the first crack occurred at an average applied force of 0.161 k/ft (15.2
kN/m). No issues with spherical bearing stability occurred during the course of this test.
The load was further increased until an average applied load of 0.339 k/ft (31.9 kN/m)
was reached. At this point, the dead end spacer was ejected. This caused the large drop in
tendon force. The strain values were manually corrected at this point, and the resulting
data was stitched together. The plot of the average applied load vs. the slab deflection in
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Figure 65 reflects this data stitch. Once it was determined that the slab was still stable
after the ejection, the load was continued to be increased. The 5 in. (12.7 cm) string pots,
SP2 and SP4, also reached their maximum gauge values during this test as well, at
average applied forces of 0.501 k/ft (47.2 kN/m) and 0.516 k/ft (48.6 kN/m),
respectively. These sting pots were also not reset due to safety concerns. The load was
continued to be increased until the maximum value of 0.600 k/ft (56.5 kN/m) was
reached. The resulting load-deformation plot is shown in Figure 65.
Two positive moment region plastic hinges were predicted. One was predicted on
each of the two exterior spans at the location of maximum positive moment. The specific
predicted locations were at a distance of 94 in. (239 cm) from each of the exterior
supports. The placement of the string pots “SP1” and “SP5” reflected these locations. It
was observed that the locations of the observed plastic hinges were at a distance of 102
in. (2590 mm) from the live end, and 113 in. (2870 mm) from the dead end, closely
reflected these predicted locations. Negative moment region plastic hinges were also
observed to occur of each of the two interior supports, as expected.
Similar to the other three slabs, it was not expected that a hinge would form at the
positive moment region of the center span. During the course of the test, very little
deflection and plasticity was observed in the central span, and a plastic hinge did not
form in this region. Detailed pictures of the negative moment region plastic hinge
formations and a discussion of the cracking behavior can be found in Section 5.4.2.
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Figure 65 - Slab 2 Average Applied Load vs. Deflection
5.4.1.3 Slab 3
The load vs. deformation behavior of Slab 3 was very similar to the other three
slabs, but most similar to Slab 4. An issue was encountered with the five string pots, and
the reported data cannot be trusted for a majority of the test. It is suspected that a
grounding issue was responsible for the excitation voltage applied to the five string pots
to be thrown off. The string pot readings do not accurately predict the observed behavior
of the slab. Thus, the load vs. deflection plot is not possible for Slab 3. However, all other
sensors attached to the data acquisition system functioned without error throughout the
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test. The deflection was closely approximated from scaling photographs of the slab to be
15 in. (381 mm) at the maximum load.
Two positive moment region plastic hinges were predicted. One was predicted on
each of the two exterior spans at the location of maximum positive moment. The specific
predicted locations were at a distance of 94 in. (239 cm) from each of the exterior
supports. The placement of the string pots “SP1” and “SP5” reflected these locations. It
was observed that the locations of the observed plastic hinges were at a distance of 89 in.
(2260 mm) from the live end, and 96 in. (2438 mm) from the dead end, closely reflected
these predicted locations. Negative moment region plastic hinges were also observed to
occur of each of the two interior supports, as expected.
Similar to the other three slabs, it was not expected that a hinge would form at the
positive moment region of the center span. During the course of the test, very little
deflection and plasticity was observed in the central span, and a plastic hinge did not
form in this region. Detailed pictures of the negative moment region plastic hinge
formations and a discussion of the cracking behavior can be found in Section 5.4.2.

5.4.1.4 Slab 4
Slab 4 reached the first crack at an average applied load of 0.182 k/ft (17.1 kN/m).
The load was further increased in slow, pulsing additions, similar to the other three slabs.
Failure occurred when the average applied load reached a maximum of 0.358 k/ft (33.7
kN/m). The hydraulic jacks remained stable throughout the course of the load test.
Figure 66 depicts the resulting load-deformation behavior. All five string pots are
shown on the same plot vs. the average applied load. Due to the large deformations that
were observed with this particular specimen, four of the five string pots eventually
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reached their maximum gauge values during the testing process. However, the maximum
load of 0.358 k/ft (33.7 kN/m) was reached at relatively low overall slab deformation.
Due to this fact, all five string pots were still accurately reporting deflection values until
after this maximum force was reached. Beyond this point, the slab deformed significantly
farther before ultimate failure. A significant amount of cracking was responsible for the
drop in in average applied load shown on Figure 66, notated as the large crack formation.
SP1 experienced deflections beyond its maximum extension of 18.0 in. (45.7 cm).
Ultimate failure occurred when a maximum deflection of 16.5 in. (41.9 cm) was reached
on SP5.
Two positive moment region plastic hinges were predicted. One was predicted on
each of the two exterior spans at the location of maximum positive moment. The specific
predicted locations were at a distance of 94 in. (2390 mm) from each of the exterior
supports. The placement of the string pots “SP1” and “SP5” reflected these locations. It
was observed that the locations of the observed plastic hinges were at a distance of 83 in.
(2110 mm) from the live end, and 110 in. (2790 mm) from the dead end, closely reflected
these predicted locations. Negative moment region plastic hinges were also observed to
occur of each of the two interior supports, as expected.
Similar to the other three slabs, it was not expected that a hinge would form at the
positive moment region of the center span. During the course of the test, very little
deflection and plasticity was observed in the central span, and a plastic hinge did not
form in this region. Detailed pictures of the negative moment region plastic hinge
formations and a discussion of the cracking behavior can be found in Section 5.4.2.
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Figure 66 - Slab 4 Average Applied Load vs. Deflection
5.4.1.5 Slab Deformation Pictures
In addition to the graphical representation of the observed deformation behavior
shown above, this section includes pictorial representation of the deformation behavior
for each of the four slabs. It can be seen that the outer spans experience significantly
higher levels of deflection than the center span. Across all four slabs, it can be seen that
string pot “SP3”, which is located at the center of the center span, does not reach the
same magnitude of deflections as the other sensors as the load is increased and
approaches failure. Additionally, sensors “SP1” and “SP5”, which are located directly
under the locations of the predicted plastic hinges, reach much higher levels of deflection
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than the corresponding gauges “SP2” and “SP4”, which are located on the same spans as
“SP1” and “SP5”, respectively (see Figure 33 for string pot location diagram). Detailed
pictures of each of the plastic hinge formations from each of the slabs are shown in
Section 5.4.2.
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Figure 67 - Slab 1 Center Span Deflection Prior to Failure
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Figure 68 - Slab 1 East Span Deflection Prior to Failure
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5.4.2

Cracking Patterns
Since all four slabs were loaded with uniformly distributed loads along the entire

length of all three spans, the deflected shape was the same for each test. Plastic hinges
were expected to occur first in the negative moment regions above the two interior
supports, and later in the positive moment regions in the two exterior spans. These
expected plastic hinges and the deflected shape are depicted in Figure 75. However, the
reinforcement ratio was varied across all four slabs, as shown in Table 4. This was
expected to affect the behavior by spreading the plasticity/cracking rather than
concentrating it near failure locations.
The observed cracking behavior reflects this expected behavior. For Slabs 1 and
2, the cracks can be seen to spread a wide distance away from the maximum applied
moment. Clear, focused, plastic hinge locations are not obviously seen in the positive
moment regions of the exterior spans. Instead, the cracking behavior indicates a longer
plastic hinge length, as expected.
For Slabs 3 and 4, which were constructed with lower reinforcement ratios, the
slab sections tended to develop fewer, wider cracks, especially in the negative moment
regions over the interior supports. The cracking behavior of each of the four slabs is
depicted in Figure 75. Since these diagrams are linearized to remove the actual curvature,
it is difficult to observe the significance of particular crack widths without referring to
these pictures. For instance, the cracks do not seem to be well distributed in Slab 2 and it
seems comparable to Slab 3, the crack widths in Slab 2 were very fine and were much
better distributed than those on Slab 3. Additionally, these diagrams are scaled vertically.
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The observed cracking behaviors are represented in the following sections
pictorially. Figure 76 defines the locations of interest. The locations correspond to the
plastic hinging locations, and move from the live end of the slab (east) to the dead end
(west) in ascending order.

Figure 75 - Plastic Hinges and Beam Cracks
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Figure 76 - Plastic Hinge Location Definitions
Figure 77 contains the pictures of the plastic hinging behavior of each of the four
spans at Location 1 from Figure 76. This location is the positive moment region plastic
hinge on the exterior span closest to the jacking end (East). It can be seen that Slab 1
experienced a wide distribution of smaller cracks. This is to be expected with its
relatively high reinforcement ratio. Slab 2 experienced concrete crushing and a more
focused, larger crack at this location. Slab 3 experienced relatively fewer cracks. Slab 4
experienced large amounts of concrete crushing and catastrophic failure at this location.
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Slab 2

Slab 3

Slab 4
Figure 77 - Location 1: Plastic Hinging Behavior (East Exterior Span)

94
Figure 78 contains the pictures of the plastic hinging behavior of each of the four
spans at Location 2 from Figure 76. This location is the negative moment region plastic
hinge at the interior support closest to the jacking end (East). It can be seen that Slab 1
experienced concrete crushing and relatively narrow cracks. Slab 2 experienced a wider
distribution of smaller cracks. Slabs 3 and 4, with their very low mild steel reinforcement
ratios, experienced very large focused cracks at this location. Concrete crushing also
occurred at this location for Slabs 3 and 4.
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Slab 2

Slab 3

Slab 4

Figure 78 - Location 2: Plastic Hinging Behavior (East Interior Support)
Figure 79 contains the pictures of the plastic hinging behavior of each of the four
spans at Location 3 from Figure 76. This location is the negative moment region plastic
hinge at the interior support closest to the dead end (West). The cracking behavior at this
location was very similar to the cracking behavior at Location 2. It can be seen that Slab

95
1 experienced concrete crushing and relatively narrow cracks. Slab 2 experienced a wider
distribution of smaller cracks. Slabs 3 and 4, with their very low mild steel reinforcement
ratios, experienced very large focused cracks at this location. Concrete crushing was also
observed to occur at this location for Slabs 3 and 4.

Slab 1

Slab 2

Slab 3

Slab 4

Figure 79 - Location 3: Plastic Hinging Behavior (West Interior Support)
Figure 80 contains the pictures of the plastic hinging behavior of each of the four
spans at Location 4 from Figure 76. This location is the positive moment region plastic
hinge on the exterior span closest to the dead end (West). The cracking behavior at this
location is similar to the behavior at Location 1. It can be seen that Slab 1 experienced a
wide distribution of smaller cracks. Slab 2 behaved similarly to Slab 1 at this location,
with a wide distribution of smaller cracks. Slab 3 experienced concrete crushing and
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catastrophic failure at this location. Slab 4 experienced concrete crushing and a large,
focused crack at this location.

Slab 1

Slab 2

Slab 3

Slab 4
Figure 80 - Location 4: Plastic Hinging Behavior (West Exterior Span)

5.4.3

Plastic Hinge Lengths
The strain gauges on the bonded steel reinforcement were used in an attempt to

measure the plastic hinge lengths of the slabs. The strain gauges were clustered in two
groups – one group centered on the dead end positive moment plastic hinge location, and
one group was placed centered at the interior span closest to the dead end, corresponding
to the negative plastic hinge predicted location. These strain gauge locations were
detailed in Section 4.1.3.1.
The number of strain gauges in each cluster was financially limited to five strain
gauges in each group. These gauges were placed at a spacing of two feet apart. Each foil
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strain gauge attached to the bonded reinforcement was also paired with a BDI Strain
Transducer to determine the strain distribution. The resulting data at this two foot
resolution was not high enough to make substantial conclusions as to the plastic hinge
lengths. Due the lack of significance of the resulting data, the plastic hinge locations were
not measured with pairs of gauges for Slabs 3 and 4. The data gathered from the strain
gauge pairs from Slabs 1 and 2 is shown in Figure 81, Figure 82, Figure 83, and Figure
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Figure 81 - Slab 1 West Exterior Span Positive Moment Region Plastic Hinge Behavior
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Figure 82 - Slab 1 West Interior Support Negative Moment Region Plastic Hinge
Behavior
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Figure 83 - Slab 2 West Exterior Span Positive Moment Region Plastic Hinge Behavior
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Figure 84 - Slab 2 West Interior Support Negative Moment Region Plastic Hinge
Behavior
5.4.4

Capacity Prediction Comparison
The moment capacity envelope and the applied moment diagrams are shown in

Figure 85. The green dashed lines at the top and bottom represent the moment envelope,
or capacity, in the negative and positive moment regions of the slab. The positive
secondary moment is included with the loads in Figure 85. The design moment, or
0.9Mu, is represented by the solid black line. The first plastic hinge is reached in the
negative moment regions at the interior supports. Both negative moment plastic hinge
formations are expected to occur nearly simultaneously. The red dashed and dotted line
represents the applied moment, and the negative moment plastic hinges form when this
line reaches the capacity line at the interior supports. After this point, the structure is
assumed to behave similarly to three simply supported spans if additional load is applied.
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The black, uniformly dashed line then represents the slab behavior. When this dashed line
reaches the positive moment capacity, the positive moment regions hinges form on the
exterior spans. Upon forming the positive moment hinges, the exterior spans will
collapse, and the structure is assumed to carry no additional load (i.e. it has reached its
capacity).

Figure 85 – Example Moment Envelope (Slab 2)
Table 17 presents the measured and predicted (with and without moment
redistribution) applied loads to the scaled specimens. The predicted load causing the first
hinge formation is defined by the load at which the first negative moment region plastic
hinge forms. This load is frequently used to define failure. The measured failure loads are
from the maximum load sustained by the slab at any point during the load test. Clearly
only a small amount of moment redistribution occurred during the tests with a less than
10% bump in capacity. Had the slabs been designed for moment redistribution, this effect
could have been maximized.
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Table 17 - Slab Capacities: Predicted vs. Measured

Failure
Name
Units
Slab 1
Slab 2
Slab 3
Slab 4

5.4.5

First Hinge Formation

Predicted

Measured

Measured/
Predicted

Predicted

Measured/
First Hinge

lb/in (N/mm)
37.3 (42.1)
34.5 (39.0)
32.3 (36.4)
29.8 (33.6)

lb/in (N/mm)
48.3 (54.6)
50.0 (56.5)
33.7 (38.0)
29.8 (33.7)

Ratio
1.30
1.45
1.04
1.00

lb/in (N/mm)
35.4 (40.0)
32.9 (37.2)
31.2 (35.2)
29.1 (32.9)

Ratio
1.36
1.52
1.08
1.03

Strand Stress Increase (Δfps)
The increase in strand stress from the beginning of applying load until ultimate

failure occurs is defined as Δfps. This change in stress was computed by averaging the
values of stress determined from the strain readings from the surviving strain gauges
converted to a stress by the procedure defined in Section 5.1.4, as well as the stress
determined by dividing the force readings of the tendon load cells by the strand cross
sectional area. The measured strand stress increases (Δfps) for each of the four slabs is for
each slab are shown in Table 18, and the results are discussed in detail in the following
sections.
Table 18 - Measured Strand Stress Increases (Δfps)

Name
Units
Slab 1
Slab 2
Slab 3
Slab 4

Δfps
ksi (MPa)
56.3 (388)
68.5 (472)
38.4 (265)
41.1 (283)
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5.4.5.1 Slab 1
For Slab 1, four of the tendon strain gauges survived the entire test. These strain
gauges were used to determine Δfps. The load cell readings were determined to be less
reliable to represent the true tendon stress when compared to the strain gauge readings.
The resulting tendon stress increase profile is depicted in Figure 86. The average increase
in tendon stress (Δfps) was measured to be 56.3 ksi (388 MPa). This plot depicts the shape
of the tendon stress profile at specific instances of interest, including 50%, 75%, and
100% of the applied load. 100% load is defined as the maximum load resisted by the slab,
not necessarily the instant of collapse.

0

5

Distance From Jacking End (m)
10

15

75

500

400

45

300

30

200

15

50% Load

75% Load

Δfps (MPa)

Δfps (ksi)

60

100

100% Load

0

0
0

19.5

39

58.5

Distance From Jacking End (ft)

Figure 86 - Slab 1 Δfps Profile
The average increase in tendon stress was also plotted continuously against the
average applied load. This plot of Δfps is shown in Figure 87. It can be seen that little
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increase in tendon stress is observed prior to the first crack occurring. After cracking, the
average tendon stress increases with a direct relationship to the average applied load. It
can be seen when the slab is unloaded and reloaded that the average tendon stress acts as
expected by decreasing and increasing along with the average applied load.
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Figure 87 - Slab 1 External Force vs. Average Tendon Force Increase
The average tendon stress increase was also compared to the average of the
deflections of the slabs at the locations of the positive moment region plastic hinges on
each of the exterior spans. It can be seen in Figure 88 that the average tendon stress
increases with a seemingly linear relationship to the deflection of the slab. The looping
behavior at low values of force and deflection is a result of the unloading and reloading
of the slab. Even as the slab deflection decreases then increases again, the average tendon
force can be seen to react with a very nearly linear relationship.
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Figure 88 - Slab 1 Avg. Deflection at Exterior Plastic Hinges vs. Tendon Force Increase
5.4.5.2 Slab 2
The tendon force in Slab 2 is a unique situation. Due to the spacer ejection issue,
as discussed in Section 5.4.1.2, the tendon force experienced a large drop during the
course of the test. In order to interpret the increase in tendon force, the strain was rezeroed at the moment of this event. This re-zeroed strain data was then subjected to the
Power Formula, as discussed in Section 5.1.4.2, and the resulting strand force values
were then used for plots and calculations. Although the calculated total tendon force by
this procedure is not representative of the actual force if the spacer were not ejected, the
increase in tendon force is assumed to be accurately represented by applying this strain
correction.
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For Slab 2, six of the tendon strain gauges survived the entire test. These strain
gauges and were used to determine Δfps. The six surviving strain gauges were used in
order to observe the profile of the tendon stress behavior. The plot of the tendon stress
profile behavior is shown in Figure 89 at 50%, 75% and 100% of the maximum applied
load. The average increase in tendon stress was measured to be 68.5 ksi (472 MPa).
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Figure 89 - Slab 2 Δfps Profile
The average increase in tendon stress was also plotted continuously against the
average applied load. This plot of Δfps is shown in Figure 90. Similar to Slab 1, it can be
seen that little increase in tendon stress is observed prior to the first crack occurring.
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After cracking, the average tendon stress increases with a direct relationship to the
average applied load.
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Figure 90 - Slab 2 External Force vs. Average Tendon Force
Similar to the other slabs, more deflection occurred in the outer spans than the
center span. Since Slab 2 had a higher reinforcement ratio than Slabs 3 and 4, the plastic
hinges over the two interior supports were longer than those with the lower reinforcement
ratios. This can be seen in the plastic hinge pictures in Section 5.4.2 where the shape of
the slab has more apparent curvature throughout the plastic hinge regions as it was loaded
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toward failure. The shape of the plot of the tendon force increase vs. the slab deflection
can be seen in Figure 91 to be nearly linear, similarly to the shape of Figure 88 from Slab
1.

Tendon End Force Increase (kN)
10

20

30

40

50

14

350

12

300

10

250

8

200

Spacer Ejection/Re-Zeroing

6

150

4

100

2

Deflection (cm)

Deflection (in)

0

50

First Crack

0

0
0

3

6

9

12

Tendon End Force Increase (k)

Figure 91 - Slab 2 Avg. Deflection at Exterior Plastic Hinges vs. Avg. Tendon Force
Increase
5.4.5.3 Slab 3
For Slab 3, five of the tendon strain gauges survived the entire test. These strain
gauges were used to determine Δfps. The five surviving strain gauges were used in order
to observe the profile of the tendon stress behavior. The plot of the tendon stress profile
behavior is shown in Figure 92 at 50%, 75%, and 100% of the maximum applied load.
The average increase in tendon stress was measured to be 38.4 ksi (265 MPa).
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The average increase in tendon stress was also plotted continuously against the
average applied load. This plot of Δfps is shown in Figure 93. Similar to the other slabs, it
can be seen that little increase in tendon stress is observed prior to the first crack
occurring. After cracking, the average tendon stress increases with a direct, but nonlinear
relationship to the average applied load.
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Figure 92 - Slab 3 Δfps Profile
Due to the issues with the String Pots used on Slab 3 discussed in Section 5.4.1.3,
it was not possible to produce a plot of the deflection of the slab vs. the increase in the
tendon force.

109

Tendon End Force Increase (kN)
0

10

20

30

40

0.45

Average Applied Load (k/ft)

0.35

5

0.30
4
0.25
3

First Crack

0.20
0.15

Average Applied Load (kN/m)

6

0.40

2

0.10
1
0.05
0.00

0
0

3
6
Tendon End Force Increase (k)

9

Figure 93 - Slab 3 External Force vs. Average Tendon Force
5.4.5.4 Slab 4
For Slab 4, five of the tendon strain gauges survived the entire test. These strain
gauges were used to determine Δfps. The resulting increase in tendon stress is depicted in
Figure 94. The hollow tendon load cells at each end of the slab reliably reported data
throughout this test, so they are also included in this figure. The average increase in
tendon stress (Δfps) was measured to be 41.1 ksi (283 MPa).
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Figure 94 - Slab 4 Δfps Profile
The average increase in tendon stress was also plotted continuously against the
average applied load. This plot of Δfps is shown in Figure 95. Similar to the other slabs, it
can be seen that little increase in tendon stress is observed prior to the first crack
occurring. After cracking, the average tendon stress increases with a direct, but nonlinear
relationship to the average applied load. After the maximum applied load was reached,
the tendon end force was observed to decrease as significant deformation to the slab was
observed. Additional load was added, and a relatively constant force was observed as
additional deformation was applied beyond the maximum observed load capacity.
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Figure 95 - Slab 4 External Force vs. Average Tendon Force
The average deflection of the two exterior span positive moment region plastic
hinge locations plotted against the average increase in tendon force is shown in Figure
96. A direct relationship between the two can clearly be seen. However, in this case, the
behavior is not as linear as the behavior which was observed in Slabs 1 and 2, as shown
in Figure 88 and Figure 91, respectively.
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Figure 96 - Slab 4 Avg. Deflection at Exterior Plastic Hinges vs. Tendon Force Increase
5.4.5.5 Strand Stress Increase (Δfps) Discussion
Table 19 shows the measured increase in strand stress (Δfps) along with the
predicted values from the ACI and AASHTO design methods. It can be seen that both
methods significantly under-predicted the measured increase in strand stress. This
indicates that both methods were overly conservative when predicting the behavior of the
four slabs sections which were tested. At a minimum the AASHTO predicted 50.5% off
and ACI 52 % off, both for Slab 3. Both prediction methods seemed to predict better for
the under reinforced Slab 3 and Slab 4. Average percent error was 60.2% for AASHTO
and 60.5% for ACI. On average, there is little difference between using the AASHTO
method, which is phenomenologically based, and the ACI method, which is a statistical
curve fit.
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Table 19 - Measured vs. Predicted Strand Stress Increase (Δfps)

5.4.6

AASHTO

ACI

Name

Measured
Δfps

Predicted

% Error

Predicted

% Error

Units

ksi (MPa)

ksi (MPa)

%

ksi (MPa)

%

Slab 1

56.3 (388)

19.9 (137)

64.7

23.0 (158)

59.2

Slab 2

68.5 (472)

18.9 (130)

72.4

18.0 (124)

73.8

Slab 3

38.4 (265)

19.0 (131)

50.5

18.5 (127)

52.0

Slab 4

41.1 (283)

19.2 (132)

53.2

17.4 (120)

57.7

Comparison with other Researchers
The data acquired from the four tests performed for this research project was

combined with the available body of research. The majority of this research is from the
database compiled by previous research (Allouche et al. 1998). Additional data sets were
also added which were completed since the previous compilation, bringing the total
database to 47 tests performed on continuous span members with unbonded tendons. This
result is the largest known database of the increase in strand stress (Δfps) in continuous
span members with unbonded tendons shown in Table 20.
The measured increase in strand stress (Δfps) from each data set was also
compared to the predicted increase in strand stress from the ACI and AASHTO design
methods. The exceptions to this are the Trost and Ivanyi data sets which were included by
the previous compiler (Allouche et al. 1998) which could not be located in order to
extract design parameters. Due to the lack of access to this data, it was not possible to
properly apply the AASHTO design method to determine the estimated strand stress
increase. Therefore, the AASHTO predictions for those two data sets were omitted from
this database.

114
Table 20 – Continuous Unbonded Strand Stress Increase (Δfps) Database
Researcher
Six
(this study)
Mattock et al.
1971

Specimen
Slab 1
Slab 2
Slab 3
Slab 4
CU-1
CU-2
S-1

Hemakom
1970

S-2
S-3

Gebre-Michael
1970

Z-I
Z-II
C-I

Chen
1971

C-II

Slab A
Burns et al.
1978
Slab B

Slab A
Lim et al.
2003
Slab B

Trost et al.
1984

VK 2.1
VK 2.2
VK 2.3
VK 2.4

Ivanyi et al.
1987

PS-40
Slab A

Harajli et al.
2002

Slab B

Slab C

Measured Δfps
ksi (MPa)
56.3 (388)
Three-span one68.5 (472)
way slabs
38.4 (265)
41.1 (283)
Two-span T48.9 (337)
beams
51.6 (356)
32.3 (223)
35.0 (241)
Two-span one22.8 (157)
way slabs
14.9 (103)
24.2 (167)
11.3 (77.9)
27.9 (192)
Two-span one13.8 (95.1)
way slabs
33.2 (229)
19.7 (136)
27.0 (186)
20.4 (141)
Two-span one55.8 (385)
way slabs
25.4 (175)
23.7 (163)
10.6 (73.0)
15.7 (108)
19.6 (135)
Three-span one13.1 (90.0)
way slabs
21.0 (145)
13.9 (96.0)
48.9 (337)
51.6 (356)
Three-span one22.0 (152)
way slabs
15.0 (103)
91.8 (633)
59.6 (411)
79.3 (547)
103 (709)
Two-span
112 (775)
beams
109 (752)
Two-span one60.9 (420)
way slab
81.2 (560)
89.6 (618)
71.1 (490)
Two-span
54.0 (372)
rectangular
55.6 (383)
68.9 (475)
section
55.6 (383)
82.7 (570)
62.8 (433)
Specimen Type

ACI Prediction
ksi (MPa)
% Error
23.0 (158)
59.2
18.0 (124)
73.8
18.5 (127)
52.0
17.4 (120)
57.7
48.0 (331)
1.80
48.0 (331)
7.03
14.1 (97.0)
56.4
14.2 (97.9)
59.4
12.6 (86.9)
44.7
14.1 (97.0)
5.59
14.2 (97.9)
41.3
12.6 (86.9)
11.5
21.9 (151)
21.5
21.9 (151)
58.7
21.4 (147)
35.6
21.4 (147)
8.49
21.6 (149)
19.9
21.6 (149)
5.94
29.7 (204)
46.9
29.7 (204)
16.8
29.7 (204)
25.1
19.9 (137)
87.7
19.9 (137)
26.9
19.9 (137)
1.51
24.4 (168)
87.1
24.4 (168)
16.1
24.4 (168)
75.4
48.0 (331)
1.80
48.0 (331)
7.03
24.0 (166)
9.19
43.6 (301)
191
42.6 (294)
53.7
42.6 (294)
28.5
26.1 (180)
67.1
22.8 (157)
77.9
22.8 (157)
79.7
22.0 (152)
79.8
26.5 (183)

56.4

40.6 (280)
25.6 (176)
45.9 (316)
42.5 (293)
27.3 (188)
33.0 (228)
33.5 (231)
21.8 (150)
20.8 (143)
Average

50.0
71.5
35.4
21.2
50.8
52.0
39.6
73.6
66.9
45.0

AASHTO Prediction
ksi (MPa)
% Error
19.9 (137)
64.7
18.9 (130)
72.4
19.0 (131)
50.5
19.2 (132)
53.2
19.6 (135)
59.9
18.2 (126)
64.7
7.19 (49.5)
77.8
8.13 (56.1)
76.8
5.90 (40.6)
74.1
7.19 (49.5)
51.8
8.13 (56.1)
66.4
5.90 (40.6)
47.8
9.80 (67.5)
64.9
9.80 (67.5)
29.0
9.70 (66.9)
70.8
9.70 (66.9)
50.8
16.3 (112)
39.6
16.3 (112)
20.2
17.2 (119)
69.1
17.2 (119)
32.1
17.2 (119)
27.3
7.50 (51.7)
29.1
7.50 (51.7)
52.1
10.4 (71.5)
47.0
7.53 (51.9)
42.3
7.53 (51.9)
64.2
10.1 (69.6)
27.5
19.6 (135)
59.9
18.2 (126)
64.7
18.0 (124)
18.3
11.7 (80.9)
21.8
8.20 (56.5)
91.1
8.20 (56.5)
86.2
57.2 (394)
47.0 (324)
59.2 (408)
54.7 (377)
45.7 (315)
35.6 (245)
35.1 (242)
26.5 (183)
25.3 (174)
Average

29.6
47.6
16.7
1.36
17.7
48.4
36.8
68.0
59.7
49.8
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The ACI design method was determined to have a 45.0% error across all
considered data sets, and the AASHTO design method was determined to have a 49.8%
error across all considered data sets. The average of the AASHTO predictions does not
consider the data sets which were excluded, as mentioned above, due to the lack of access
to the original data set. The observed error in the data set, as a whole, is similar to the
observed error in the above experimental program, indicating the experimental results are
consistent with previous research programs on continuous unbonded members.

5.4.6.1 Accuracy of Design Methods
This database of the increase in strand stress (Δfps) in continuous span members
with unbonded tendons was then used to determine the accuracy of the ACI and
AASHTO design methods. In Figure 97, the x-axis represents the measured values of Δfps
which was determined in each of the previous research projects discussed in the literature
review. The predicted Δfps values from each of the respective tests are plotted on the yaxis. Thus, any data points below the shown 1-to-1 sloped line are representative of
conservative predictions. Data sets were selected according to relevance including
unbonded continuous span tests which reached the flexural failure mode. The data sets in
both plots also contain the results from the current research. It can be seen from Figure 97
that both the ACI and AASHTO design consistently under-predict measured values of
Δfps, indicating conservative design predictions. However, it is clear that both codified
prediction methods are inaccurate based on the exceptionally wide scatter. The trend lines
representing the best fit to the observed data for both design methods are also shown in
Figure 97. The R2 values for these deign methods were determined to be 0.0695 for the
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ACI design method and 0.0422 for the AASHTO design method, indicating very low
correlation.
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Figure 97 – ACI and AASHTO Measured vs. Predicted Δfps
5.4.6.2 Analysis of Design Equation Parameters
Previous research has attempted to determine the relationship of various member
properties to the increase in strand stress. The ACI Method for predicting strand stress
increase (Δfps) is a function of the ultimate concrete strength (f’c) and the prestressing
reinforcement ratio (ρp). Additionally, separate instances of the equation are defined for
varying span length to depth ratios (L/d). The AASHTO method for predicting Δfps is a
function of the depth to the prestressing strand (d) minus the length of the compression
block (c) divided by the span length (L). LRFD also accounts for the number of plastic
hinges (N). Most other codified methods (i.e., Canadian, Chinese, British) use the same
explanatory variables. Therefore, it is reasonable to expect these properties to correlate
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with measured experimental Δfps values. The database compiled in Table 20 was analyzed
to identify correlations to all known variables affecting Δfps.
Figure 98A demonstrates the relationship between the mild steel reinforcing ratio
(ρs) and the strand stress increase (Δfps). It can be seen that there is not a clear relationship
between the two, although it does appear that there is a slight correlation between
increasing the reinforcement ratio and a higher Δfps. The best-fit line R2 value of .0018
indicates this very low correlation.
Figure 98B demonstrates the relationship between the prestressing reinforcing
ratio (ρps) and Δfps. It can also be seen that there is not a clear relationship between the
two, although it does appear that there may be a slight correlation between increasing the
prestressing reinforcement ratio and a higher strand stress increase. The best-fit line R2
value of .1788 indicates this low correlation.
The mild steel reinforcement ratio (ρs) and the prestressing steel reinforcement
ratio (ρps) were then combined into one total reinforcement ratio, ρt. This ratio is defined
as the area of the mild steel added to the area of the prestressing reinforcement divided by
the width of the slab (b) multiplied by the depth to the reinforcement (d), as shown in
Equation 9.

ρt =

𝐴𝑠𝑡 + 𝐴𝑝𝑠
𝑏𝑑

Equation 9

Figure 98C demonstrates the relationship between this new reinforcement ratio
and the strand stress increase (Δfps). Similarly to the relationships of the other two
reinforcement ratios, it can be seen that there is not a clear relationship between the total
reinforcement ratio and in the strand stress increase, although it does appear that there
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may be a slight correlation between increasing the prestressing reinforcement ratio and a
higher strand stress increase. The best-fit line R2 value of 0.0179 indicates this low
correlation.
Figure 98D demonstrates the relationship between the span-to-depth ratio and the
strand stress increase (Δfps). No clear relationship between varying the span-to-depth ratio
and the increase in strand stress is easily observed. The best-fit line R2 value of .0547
indicates this low correlation.
Figure 98E demonstrates the relationship between the concrete compressive
strength (f’c) and the strand stress increase (Δfps). The data is fairly scattered, but the bestfit line indicates a slight correlation between higher f’c and lower increase in strand stress
(Δfps). However, the best-fit line R2 value of 0.192 indicates a low correlation between the
two.
The concrete compressive strength (f’c) was divided by the prestressing steel
reinforcement ratio (ρps). Figure 98F demonstrates the relationship between this new ratio
and the strand stress increase (Δfps). The ACI equation uses this in its calculation, which
is the best correlation observed between variables. There is an apparent correlation
between increasing this ratio and observing an increase in Δfps, which is indicated by the
relatively higher R2 value of 0.414.
Figure 99A demonstrates the relationship between the deflection of the specimen
(D) and the strand stress increase (Δfps). There is a slight correlation between higher
deflections and lower strand stress increases. However, there is a very weak correlation,
indicated by the low R2 value of 0.00460.
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Figure 99B demonstrates the relationship between the depth to the prestressing
steel (d) and the strand stress increase (Δfps). There is a slight correlation between higher
depths to the prestressing steel and lower strand stress increases, although the low R2 of
0.0543 indicates a weak correlation.
In an attempt to normalize the slab deflection across various span-to-depth ratios,
the measured slab deflection (D) was multiplied by the depth to the prestressing
reinforcement (d) and divided by the span length (L). Figure 99C demonstrates the
relationship between this new ratio and the strand stress increase (Δfps). There is a slight
correlation between higher values of this ratio and lower strand stress increase, although
the low R2 of 0.00070 indicates a weak correlation.
The specimen width (b) was multiplied by the depth to the prestressing
reinforcement (d) to determine the effective area of the test specimen. Figure 99D
demonstrates the relationship between this effective are and the increase in strand stress.
There is a slight correlation between higher values of “bd” and lower strand stress
increase, although the low R2 of 0.0509 indicates a weak correlation.
In another attempt to normalize the slab deflection, the measured slab deflection
(D) was divided by the span length (L). Figure 99E demonstrates the relationship
between this new ratio and the strand stress increase (Δfps). There is a slight correlation
between higher values of this ratio and higher strand stress increase, although the low R2
of 0.0939 indicates a weak correlation.
In another attempt to normalize the slab deflection, the measured slab deflection
(D) was multiplied by the number of spans which experienced failure (nf) and divided by
the total tendon length (Lt). Figure 99F demonstrates the relationship between this new
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ratio and the strand stress increase (Δfps). There is a slight correlation between higher
values of this ratio and higher strand stress increase, although the low R2 of 0.0664
indicates a weak correlation.
The correlations between all of these considered design parameters are
summarized in Table 21 which compares the R2 correlations of the increase in strand
stress (Δfps) with the specific design parameter. Higher R2 values indicate a stronger
correlation.
Table 21 – R2 values
Parameter
ρs
ρps
ρt
L/d
f'c
f'c /ρps
D
d
Dd/L
bd
D/L
Dnf/Lt

R2
0.00180
0.179
0.0179
0.0547
0.192
0.414
0.00460
0.0543
0.00070
0.0509
0.0939
0.0664
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Figure 98 – Δfps Relationships (1)
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CHAPTER 6
6

SUMMARY AND CONCLUSIONS

6

A literature review was performed to analyze and compile the existing research
related to continuous span members with unbonded tendons. It was found that there is a
very limited amount of test specimens with reliable test data quantifying strand stress
increase. Four representative scaled slab sections were constructed and tested, and the
strand stress increase was determined for each specimen, in addition to the loaddeformation behavior and the cracking patterns. The mild steel reinforcement ratios were
varied across the four test specimens, and the effects were observed. The newly acquired
data was added to the existing research to create a new database of the increase in strand
stress (Δfps) in continuous span members with unbonded tendons.

6.1

Determination of Δfps
It is very difficult to accurately quantify unbonded strand stress. It is possible to

determine the strand stress profile by attaching foil strain gauges to individual strand
wires, as demonstrated by this project. However, the variation between measured strain
on an individual wire and the total stress of the strand is not a one-to-one correlation, as
outlined by Figure 57. It can be seen that one individual wire strain may result in six
different stress readings since all six exterior wires experience separate stress-strain
relationships. Therefore, the absolute strand stress profile is not accurately determined by
this method. However, since the individual slopes of the six wires in Figure 57 have very
similar slopes, the increase in strand stress (Δfps) can be determined by this method with
reasonable confidence.
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6.2

Effect of Reinforcing Ratio
The observed cracking behavior indicated that a significant correlation can be seen

between increasing the reinforcement ratio and the cracking characteristics of the tested
specimens. The cracking behavior of slabs with lower reinforcement ratios tend to
experience cracking focused on single, large, focused cracks in contrast to the widespread
cracking distribution observed on slab specimens tested with higher, code recommended
reinforcement ratios. This relationship was demonstrated in Figure 75. This is also clearly
seen in the pictures of the plastic hinges shown in Section 5.4.3.

6.3

Comparison to Other Research
The slab properties expected to affect Δfps do not show a close correlation to real-

world tests. This lack in correlation was demonstrated by Figure 98 and Figure 99. This
lack of correlation is noteworthy due to the doubt it casts on the accuracy of current codespecified design methods. This indicates that a future design method may be necessary in
order to more accurately predict the increase in strand stress on continuous span members
with unbonded tendons, and thus more accurately predict the true flexural capacity of
these members.
However, it is also worth noting that these concerns are due to overly
conservative predictions, not unsafe design methods. The concern is merely economical,
and it does not represent a safety threat due to the over-prediction of ultimate capacity.

6.4

Conclusions
The following conclusions can be made from the above experimental research:
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a) Reinforcing ratio greatly affects spread of plasticity, cracking and deformation
behavior.
b) Strand stress increases were measured between 38.4 ksi (265 MPa) and 68.5 ksi
(472 MPa) for all specimens tested.
c) The ACI design method was inaccurate, but conservative for all tests, resulting in
measured-to-predicted ratios ranging from 2.08 to 3.81 for strand stress increase.
d) The AASHTO design method was inaccurate, but conservative for all tests,
resulting in measured-to-predicted ratios ranging from 2.02 to 3.62 for strand
stress increase.
e) Slab measured-to-predicted capacity ratios ranged between 1.00 and 1.45,
indicating conservative predictions when using the ACI design equation.
f) Plastic hinge lengths were observed larger than the 96 in. (2440 mm) wide gaged
sections at both positive and negative hinging locations, future attempts should
widen the gages length.
g) Exact plastic hinge length measurements were unsuccessful in this project and
should likely be measured with more than five gage pairs.
The following conclusions can be made from the above compiled database:
h) The largest known database of continuous unbonded post tensioned members was
compiled.
i) The ACI and AASHTO strand stress prediction methods are conservative, but
grossly inaccurate, with correlation coefficients (R2) of 0.0695 and 0.0422,
respectively, including the experimental results contained in this document.

126
j) There is little evidence of correlation to most parameters thought to influence
strand stress increase. All R2 coefficients were below 0.192, with the exception of
f’c/ρps, which had a R2 value of 0.414.

6.5

Future Research
It is important to consider the limitations of quantifying the increase in strand

stress with foil strain gauges. Although this method does allow the strand stress profile to
be observed, the large variance in strain between the six exterior wires of the strand
prohibits confidence from being placed in the accuracy of the conversion to stress.
Future research may consider the use of vibrating wire hollow-core load cells to
determine strand stress at each end in order to more accurately determine the losses and
strand stress increase. It is unknown what method could lead to more a more accurate
quantification of the strand stress profile.
Future research should add more data to the database to better understand
unbonded tendon stress increases. The effects of pattern loading, higher friction situations
and externally bonded tendons should be investigated.
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